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Vwrfn pdunhw sulfhv duh surf|folfdo/ zkloh lqyhvwphqw jrrg sulfhv duh frxqwhuf|folfdo1 D uhdo
exvlqhvv f|foh prgho fdoleudwhg wr wkhvh revhuydwlrqv lpsolhv wkdw :8( ri wkh f|folfdo yduldwlrq lq
djjuhjdwh rxwsxw lv gxh wr dq lqyhvwphqw0vshflf whfkqrorj| vkrfn/ zkloh wkh uhvw lv gxh wr dq
djjuhjdwh surgxfwlylw| vkrfn1 Wr whvw wklv frqfoxvlrq/ zh lqyhvwljdwh wkh prgho*v lpsolfdwlrqv iru
dvvhw sulfhv dqg exvlqhvv f|fohv1 Wkh prgho grhv qrw gr vljqlfdqwo| zruvh wkdq h{lvwlqj prghov rq
wkhvh glphqvlrqv/ dqg rq wzr glphqvlrqv lw grhv qrwdeo| ehwwhu1 Lw lv frqvlvwhqw zlwk wkh idfwv= +l,
hpsor|phqw dqg lqyhvwphqw dfurvv glhuhqw vhfwruv frpryh ryhu wkh exvlqhvv f|foh> dqg +ll, kljk
lqwhuhvw udwhv ohdg orz djjuhjdwh rxwsxw1 Idfw +ll, lv riwhq lqwhusuhwhg dv uhhfwlqj wkh exvlqhvv f|foh
hhfwv ri prqhwdu| srolf| vkrfnv1 Rxu uhvxowv vxjjhvw wkdw +ll, pd|/ dw ohdvw wr vrph h{whqw/ dovr
uhhfw wkh hhfwv ri uhdo vkrfnv1
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D ixqgdphqwdo txhvwlrq lq pdfurhfrqrplfv lv/ cZkdw duh wkh vrxufhv ri exvlqhvv f|foh vkrfnvB* Zh
h{sorlw wkh lqirupdwlrq lq wkh f|folfdo ehkdylru ri lqyhvwphqw jrrg dqg vwrfn pdunhw sulfhv wr dqvzhu
wklv txhvwlrq1 Wkh nh| ihdwxuh ri wkh sulfh gdwd zklfk zh h{sorlw lv wkdw vwrfn sulfhv duh surf|folfdo/
zkloh lqyhvwphqw jrrg sulfhv duh frxqwhuf|folfdo1￿ Wkh glyhujhqw f|folfdo ehkdylru ri wkhvh sulfhv lv dovr
d vrxufh ri lqirupdwlrq derxw wkh qdwxuh ri dgmxvwphqw frvwv lq wkh lqvwdoodwlrq ri qhz fdslwdo1 Wklv
lv ehfdxvh zh lqwhusuhw vwrfn sulfhv dv d phdvxuh ri wkh pdujlqdo frvw ri lqvwdoohg fdslwdo dqg lqyhvw0
phqw jrrg sulfhv dv d phdvxuh ri wkh pdujlqdo frvw ri qhz fdslwdo jrrgv1 Xqghu wklv lqwhusuhwdwlrq/
dgmxvwphqw frvwv duh wkh zhgjh ehwzhhq wkhvh wzr sulfhv1 Rxu uhvxowv duh=
 Derxw :8 shufhqw ri wkh yduldqfh lq rxwsxw lv gxh wr d vkrfn wr wkh vxsso| ri lqyhvwphqw jrrgv1
Wkh uhvw lv gxh wr d whfkqrorj| vkrfn wkdw udlvhv rxwsxw dqg wkh ghpdqg iru lqvwdoohg fdslwdo1
 Wkh frxqwhuf|folfdo qdwxuh ri lqyhvwphqw jrrg sulfhv uhhfwv wkh hhfwv ri wkh vxsso| vkrfn1
 Wkh hodvwlflw| ri d up*v pdujlqdo frvw ri lqvwdoohg fdslwdo zlwk uhvshfw wr qhz fdslwdo jrrgv lv
urxjko| 6@7=
 Vwrfn sulfhv uhvsrqg frxqwhuf|folfdoo| wr wkh lqyhvwphqw0vshflf vkrfn/ exw duh qhyhuwkhohvv sur0
f|folfdo ehfdxvh wkh| duh grplqdwhg e| wkh ghpdqg vkrfn1
Dowkrxjk zh uhdfk wkhp e| d glhuhqw urxwh/ rxu uvw wzr frqfoxvlrqv duh txdolwdwlyho| vlplodu wr wkrvh
lq Juhhqzrrg/ Khufrzlw} dqg Nuxvhoo +4<<;,1 Wkh hvwlpdwh ri wkh pdujlqdo lqvwdoodwlrq frvw hodvwlflw|
lq rxu wklug qglqj lv vrphzkdw vpdoohu wkdq wkh rqhv uhsruwhg lq wkh twkhru| olwhudwxuh1
Wkh lqwxlwlrq xqghuo|lqj rxu irxuwk uhvxow lv vlpsoh1 Lw lv edvhg rq d edvlf surshuw| ri qhrfodvvlfdo
prghov/ qdpho|/ wkdw wkh sulfh ri d up*v vwrfn htxdov wkh pdujlqdo frvw ri lwv lqvwdoohg fdslwdo12 Wklv
uhodwlrqvkls lv xvhixo iru xqghuvwdqglqj wkh lpsdfw ri ydulrxv vkrfnv rq d vwrfn sulfh1 Lqyhvwphqw0
vshflf vkrfnv sod| d uhodwlyho| vpdoo uroh lq vwrfn sulfhv ehfdxvh wkh| wuljjhu wzr rvhwwlqj hhfwv
rq wkh pdujlqdo frvw ri lqvwdoohg fdslwdo1 Wkh idoo lq lqyhvwphqw sulfhv dvvrfldwhg zlwk d srvlwlyh
lqyhvwphqw0vshflf vkrfn sxvkhv pdujlqdo frvw grzq/ zkloh wkh ulvh lq lqyhvwphqw zrunv lq wkh rwkhu
gluhfwlrq e| lqfuhdvlqj pdujlqdo lqvwdoodwlrq frvwv1 Rxu qglqj wkdw wkh odwwhu hhfw lv uhodwlyho| vpdoo
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4h{sodlqv rxu frqfoxvlrq wkdw vwrfn sulfhv duh frxqwhuf|folfdo uhodwlyh wr lqyhvwphqw0vshflf vkrfnv1 Wkh
pdujlqdo frvw ri lqvwdoohg fdslwdo uhvsrqgv vwurqjo| dqg surf|folfdoo| wr d ghpdqg vkrfn ehfdxvh wkh
wzr hhfwv mxvw flwhg qrz zrun lq wkh vdph gluhfwlrq1 Wdnhq wrjhwkhu/ wkhvh frqvlghudwlrqv h{sodlq rxu
qglqj wkdw vwrfn sulfhv duh surf|folfdo ehfdxvh wkh| duh grplqdwhg e| wkh ghpdqg vkrfn1
Wkh lghqwlfdwlrq dvvxpswlrqv xvhg wr pds iurp wkh gdwd wr wkh frqfoxvlrqv mxvw ghvfulehg duh
wkh rqhv frqwdlqhg lq dq h{solflwo| irupxodwhg jhqhudo htxloleulxp prgho1 Wr exlog frqghqfh lq rxu
frqfoxvlrqv/ zh whvw wkh prgho*v lpsolfdwlrqv iru rwkhu skhqrphqd1 Reylrxvo|/ rxu fkrlfh ri prgho dqg
lpsolfdwlrqv wr hpskdvl}h lq wkh whvw sod| d fuxfldo uroh lq rxu dqdo|vlv1 Zh qrz eulh| glvfxvv krz
zh pdgh wkhvh fkrlfhv1
Wkh skhqrphqd wkdw lqwhuhvw xv olh dw wkh lqwhuvhfwlrq ri pdfurhfrqrplfv dqg qdqfh1 Wr kdyh
frqghqfh lq wkh lqihuhqfhv zh gudz iurp wkh gdwd/ zh qhhg wr eh vxuh wkdw wkh| duh qrw lqfrqvlvwhqw
zlwk wkh vdolhqw idfwv lq wkhvh wzr duhdv1 Iru h{dpsoh/ vlqfh wkh surf|folfdolw| ri htxlw| sulfhv lv d
ihdwxuh ri dvvhw sulfhv/ lw lv sduwlfxoduo| lpsruwdqw wr yhuli| wkdw rxu h{sodqdwlrq grhv qrw frqlfw zlwk
h{lvwlqj h{sodqdwlrqv ri rwkhu ihdwxuhv ri dvvhw pdunhwv1 Vlploduo|/ vlqfh rxu irfxv lv rq fkdudfwhulvwlfv
ri wkh exvlqhvv f|foh/ zh zdqw wr yhuli| wkdw rxu k|srwkhvlv lv qrw dw rggv zlwk edvlf exvlqhvv f|foh
idfwv1
Wkhvh duh wkh frqvlghudwlrqv wkdw ohdg xv wr zrun zlwk d yhuvlrq ri wkh prgho ri Erogulq/ Fkulvwldqr
dqg Ilvkhu +4<<8, +EFI,1 Wkdw prgho lqfrusrudwhv dvvxpswlrqv ghvljqhg wr khos dffrxqw iru edvlf
ihdwxuhv ri phdq dvvhw uhwxuqv/ dqg grhv dw ohdvw dv zhoo dv vwdqgdug uhdo exvlqhvv f|foh prghov lq
dffrxqwlqj iru wkh exvlqhvv f|foh1 Zh qg wkdw zkhq zh lqwurgxfh wkh prglfdwlrqv qhfhvvdu| wr
dffrpprgdwh wkh edvlf fkdudfwhulvwlfv ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv/ wkh prgho*v dvvhw
sulflqj lpsolfdwlrqv duh frpsdudeoh wr wkrvh ri EFI1
Uhjduglqj wkh exvlqhvv f|foh lpsolfdwlrqv ri rxu prgho/ zlwk rqh h{fhswlrq/ lw grhv dv zhoo dv
vwdqgdug prghov zlwk uhvshfw wr frqyhqwlrqdo exvlqhvv f|foh vwdwlvwlfv1 Wkh h{fhswlrq lv wkdw wkh
dgmxvwphqw frvwv wkdw rxu k|srwkhvlv lqyrnhv kxuw wkh prgho*v delolw| wr dffrxqw iru wkh yrodwlolw| ri
krxuv zrunhg1
Wkhuh duh wzr rwkhu glphqvlrqv/ krzhyhu/ rq zklfk wkh prgho vljqlfdqwo| grplqdwhv vwdqgdug
prghov1 Iluvw/ wkh idfwruv wkdw khos lw dffrxqw iru sulfhv dqg udwhv ri uhwxuq rq dvvhwv dovr khos lw
dffrxqw iru wkh idfw wkdw hpsor|phqw dqg lqyhvwphqw dfurvv d eurdg udqjh ri vhfwruv pryh wrjhwkhu
ryhu wkh f|foh1 Wklv lv vljqlfdqw/ vlqfh frpryhphqw lv shukdsv wkh ghqlqj fkdudfwhulvwlf ri exvlqhvv
f|fohv +vhh Exuqv dqg Plwfkhoo +4<79/ s1 6,/ Oxfdv +4<;4/ s1 54:, dqg Vdujhqw +4<:</ s1 548,1,
Lqwhuhvwlqjo|/ vwdqgdug exvlqhvv f|foh prghov kdyh glfxow| dffrxqwlqj iru frpryhphqw1 Vhfrqg/ wkh
prgho fdq dffrxqw iru zkdw Nlqj dqg Zdwvrq +4<<9, uhihu wr dv wkh clqyhuwhg ohdglqj lqglfdwru* surshuw|
5ri lqwhuhvw udwhv/ qdpho|/ wkdw kljk lqwhuhvw udwhv duh fruuhodwhg zlwk orz ixwxuh rxwsxw1 Vwdqgdug
exvlqhvv f|foh prghov dovr kdyh glfxow| dffrxqwlqj iru wklv skhqrphqrq +Nlqj dqg Zdwvrq +4<<9,,1
Wkh lqyhuwhg ohdglqj lqglfdwru surshuw| ri lqwhuhvw udwhv kdv uhfhlyhg d orw ri dwwhqwlrq/ dqg lv riwhq
lqwhusuhwhg dv uhhfwlqj wkh uroh lq exvlqhvv f|fohv ri prqhwdu| srolf| vkrfnv1￿ Rxu uhvxowv vxjjhvw wkdw
wkh lqyhuwhg ohdglqj lqglfdwru skhqrphqrq pd|/ dw ohdvw wr vrph h{whqw/ uhhfw qrq0prqhwdu| vkrfnv1
Wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 hoderudwhv rq wkh uhodwlrq ehwzhhq vwrfn pdunhw
sulfhv dqg wkh pdujlqdo frvw ri lqvwdoohg fdslwdo wkdw zh lqyrnhg deryh1 Lq dgglwlrq/ lw vxppdul}hv
wkh hpslulfdo surshuwlhv ri sulfhv dqg txdqwlwlhv ri lqyhvwphqw jrrgv1 Vhfwlrq 6 suhvhqwv rxu prgho1
Vhfwlrq 7 h{sodlqv zk| rxu prgho fdq dffrxqw iru frpryhphqw/ dqg uhodwhv rxu dqdo|vlv wr wkdw lq wkh
h{lvwlqj frpryhphqw olwhudwxuh1 Vhfwlrq 8 glvfxvvhv rxu vwudwhj| iru dvvljqlqj ydoxhv wr wkh prgho*v
sdudphwhuv1 Vhfwlrq 9 hydoxdwhv rxu fdoleudwhg prgho*v hpslulfdo lpsolfdwlrqv1 Vhfwlrq : frqfoxghv1
D qxpehu ri whfkqlfdo ghwdlov uhodwhg wr rxu dqdo|vlv duh uhohjdwhg wr dq dsshqgl{ dydlodeoh iurp wkh
dxwkruv rq uhtxhvw +vhh Fkulvwldqr dqg Ilvkhu +4<<;, FI1,
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Wzr edvlf dvshfwv ri rxu dqdo|vlv duh rxu dvvxpswlrq wkdw vwrfn sulfhv duh dw ohdvw d urxjk phdvxuh ri
wkh pdujlqdo frvw ri lqvwdoohg fdslwdo/ dqg wkdw lqyhvwphqw jrrg sulfhv duh frxqwhuf|folfdo1 Zh glvfxvv
wkhvh lvvxhv khuh/ dqg zh dovr vxppdul}h wkh wuhqg surshuwlhv ri lqyhvwphqw jrrg sulfhv/ vlqfh wkhvh
sod| dq lpsruwdqw uroh lq rxu prgho fdoleudwlrq1 Pruh ghwdlohg glvfxvvlrqv derxw wkh surshuwlhv ri
lqyhvwphqw jrrg sulfhv dsshdu lq Fkulvwldqr dqg Ilvkhu +4<<8,/ Juhhqzrrg/ Khufrzlw} dqg Nuxvhoo
+4<<:,/ dqg Pxusk|/ Vkohlihu/ dqg Ylvkq| +4<;<,1
5141 Vwrfn Pdunhw Sulfhv dqg Pdujlqdo Frvwv
Zh wdnh wzr vwhsv wr lqihu iurp wkh revhuyhg surf|folfdolw| ri vwrfn sulfhv wkdw wkh pdujlqdo frvw ri
lqvwdoohg fdslwdo pxvw eh surf|folfdo wrr1 Erwk vwhsv duh olwhudoo| fruuhfw rqo| xqghu vwulfw qhrfodvvlfdo
dvvxpswlrqv= olqhdu krprjhqhlw| ri surgxfwlrq ixqfwlrqv dqg shuihfw frpshwlwlrq1 Rxu uvw vwhs lv
wr qrwh Kd|dvkl +4<;5,*v uhvxow wkdw xqghu wkhvh frqglwlrqv wkh ydoxh ri htxlw| lv wkh surgxfw ri wkh
pdujlqdo ydoxh ri fdslwdo/ S&￿> dqg wkh vwrfn ri fdslwdo1 Wkhq/ jlyhq wkh vorz0prylqj qdwxuh ri wkh
vwrfn ri fdslwdo/ zh fdq lqihu iurp wkh surf|folfdolw| ri vwrfn sulfhv wkdw S&￿ lv lwvhoi surf|folfdo1e Rxu
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6vhfrqg vwhs lv wr revhuyh wkdw dq hflhqf| frqglwlrq ri wkh up uhtxluhv wkdw wkh ohyho ri lqyhvwphqw
eh dgmxvwhg xqwlo S&￿ lv htxdwhg wr wkh pdujlqdo frvw ri lqvwdoohg fdslwdo1
Zh h{shfw wkdw wkh lqihuhqfhv zh gudz derxw pdujlqdo frvwv duh urexvw wr sodxvleoh ghyldwlrqv iurp
wkh qhrfodvvlfdo dvvxpswlrqv dqg iurp rxu +lpsolflw, dvvxpswlrq ri d krprjhqhrxv fdslwdo vwrfn1 Iru
h{dpsoh/ lw lv vdih wr lqihu iurp surf|folfdo vwrfn sulfhv wkdw wkh dyhudjh ydoxh ri fdslwdo lv surf|folfdo1
Zkdw zh qhhg/ wkrxjk/ lv wkdw surf|folfdolw| ri wkh dyhudjh lpsolhv surf|folfdolw| ri wkh pdujlqdo ydoxh
ri fdslwdo1 Kd|dvkl*v uhvxow vd|v wkh wzr remhfwv duh lghqwlfdo xqghu qhrfodvvlfdo dvvxpswlrqv/ exw wklv
lv reylrxvo| pruh wkdq zkdw zh qhhg1 Wklv lv iruwxqdwh/ vlqfh wkh qhrfodvvlfdo dvvxpswlrqv duh dw ehvw
rqo| dssur{lpdwlrqv lq wkh gdwd1 Wrelq dqg Eudlqdug +4<::/ s1 576, frqmhfwxuh wkdw wkh dyhudjh dqg
pdujlqdo ydoxhv uhvsrqg lq vlplodu zd|v wr vkrfnv/ dqg wkh hpslulfdo hylghqfh lq Deho dqg Eodqfkdug
+4<;9, dsshduv wr vxssruw wkh frqmhfwxuh1
Vrph ghyldwlrqv iurp shuihfw frpshwlwlrq fdq dovr eh wrohudwhg/ dv orqj dv wkh udwlr ri S&￿ wr wkh
pdujlqdo frvw ri lqvwdoohg fdslwdo grhv qrw xfwxdwh wrr pxfk1 Ilqdoo|/ vrph ghjuhh ri khwhurjhqhlw|
lq fdslwdo fdq eh dffrpprgdwhg wrr1 Li pxowlsoh fdslwdo jrrgv hqwhu lq wkh vdph zhdno| vhsdudeoh
zd| lq wkh surgxfwlrq dqg dgmxvwphqw frvw ixqfwlrqv/ wkhq wkh vwrfn ri fdslwdo ydoxhg lq htxlw| dqg
ghew pdunhwv frxog eh wkrxjkw ri dv dq djjuhjdwru ri pxowlsoh fdslwdo jrrgv +lqfoxglqj vxfk lqwdqjleoh
fdslwdo dv U)G dqg sdwhqwv,1 Iru ixuwkhu glvfxvvlrq ri wkh lpsolfdwlrqv ri fdslwdo khwhurjhqhlw| lq wklv
frqwh{w/ vhh Phjqd dqg Norfn +4<<6, dqg Zlogdvlq +4<;7,1
5151 Lqyhvwphqw Jrrg Sulfhv
Zh dqdo|}h txduwhuo|/ frqvwdqw 4<<5 groodu gdwd rq JGS/ lqyhvwphqw dqg wkh lpsolflw sulfh ghdwruv
iru djjuhjdwh lqyhvwphqw +{hg lqyhvwphqw soxv lqyhvwphqw lq frqvxphu gxudeohv, dqg lwv frpsrqhqwv1
Wkhvh gdwd fryhu wkh shulrg 4<8<L04<<8LY1D Zh hpskdvl}h wkuhh edvlf ihdwxuhv ri wkhvh gdwd1 Iluvw/
wkh sulfh lqgh{ iru djjuhjdwh lqyhvwphqw vkrzv hvvhqwldoo| qr wuhqg xqwlo 4<;3/ zkhuhxsrq lw wdnhv d
vkdus wxuq grzq/ idoolqj dw d udwh ri 5 shufhqw shu |hdu1 Wklv fdq eh vhhq lq Iljxuh 4D/ zklfk glvsod|v
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7wkh orjjhg gdwd +vrolg olqh, wrjhwkhu zlwk wkh dvvrfldwhg KS wuhqg +gdvkhg olqh,1S Prvw ri wkh hylghqfh
iru wklv wuhqg euhdn frphv iurp lqyhvwphqw lq uhvlghqwldo dqg qrquhvlghqwldo vwuxfwxuhv +Iljxuhv 4G
dqg H,/ zklfk dffrxqw iru derxw 68 shufhqw ri djjuhjdwh lqyhvwphqw1 Wkhuh lv pxfk ohvv hylghqfh ri
dq| wuhqg euhdn lq wkh rwkhu frpsrqhqwv ri lqyhvwphqw/ qdpho|/ exvlqhvv dqg krxvhkrog gxudeoh jrrg
lqyhvwphqw +Iljxuhv 4E dqg 4F,1
Vhfrqg/ dw f|folfdo iuhtxhqflhv/ wkh sulfh lqgh{ iru djjuhjdwh lqyhvwphqw kdv d fruuhodwlrq ri 3=59
+3=45, zlwk rxwsxw1 Wkh vwdqgdug huuru +lq sduhqwkhvhv, vxjjhvwv wkdw wklv qhjdwlyh fruuhodwlrq lv vwd0
wlvwlfdoo| vljqlfdqw1 Wkh furvv0fruuhodwlrq ixqfwlrqv zlwk rxwsxw/ wrjhwkhu zlwk <8 shufhqw frqghqfh
lqwhuydov/ duh uhsruwhg iru djjuhjdwh lqyhvwphqw +Iljxuh 5D, dqg wkh frpsrqhqwv ri lqyhvwphqw lq Ilj0
xuh 51 Li zh frqvlghu rqo| wkh exvlqhvv frpsrqhqw ri lqyhvwphqw/ qdpho|/ lqyhvwphqw lq htxlsphqw
dqg vwuxfwxuhv/ zh qg wkdw lwv sulfh lv dovr vljqlfdqwo| frxqwhuf|folfdo +Iljxuh 5I,1 Wklv lv gxh lq
odujh sduw wr wkh yhu| vljqlfdqw frxqwhuf|folfdo ehkdylru ri wkh sulfh ri exvlqhvv htxlsphqw lqyhvw0
phqw +Iljxuh 5F,1. Exvlqhvv lqyhvwphqw lv pruh frxqwhuf|folfdo wkdq djjuhjdwh lqyhvwphqw sulpdulo|
ehfdxvh uhvlghqwldo lqyhvwphqw/ zklfk lv d sduw ri wkh odwwhu exw qrw wkh iruphu/ lv vljqlfdqwo| sur0
f|folfdo +Iljxuh 5G,1 Wklug/ hylghqfh uhsruwhg lq Fkulvwldqr dqg Ilvkhu +4<<8, vxjjhvwv wkdw/ wr d uvw
dssur{lpdwlrq/ wkh vkduh ri djjuhjdwh lqyhvwphqw lq JGS lv frqvwdqw/ frqvlvwhqw zlwk wkh edodqfhg
jurzwk vshflfdwlrq dgrswhg lq wkh prgho ri wklv sdshu1
Wr vxppdul}h/ wkh ohyho ri djjuhjdwlrq dw zklfk rxu prgho lv vshflhg vxjjhvwv wkdw wkh dssursuldwh
hpslulfdo phdvxuh ri lqyhvwphqw lv djjuhjdwh lqyhvwphqw1 Wkh vwrfn sulfh phdvxuhv rq zklfk zh edvh
rxu dqdo|vlv vxjjhvw wkdw wkh uhohydqw phdvxuh ri lqyhvwphqw lv exvlqhvv lqyhvwphqw lq htxlsphqw dqg
vwuxfwxuhv1 Hlwkhu zd|/ wkh dvvrfldwhg sulfh lqgh{ lv vljqlfdqwo| frxqwhuf|folfdo1 Dovr/ wkhuh dsshduv
wr eh d euhdn lq wkh wuhqg lq wkhvh vhulhv1 Wklv lv vrphwklqj wkdw wkh prgho zh dqdo|}h zloo qrw eh
frqvlvwhqw zlwk1
Rxu uhvxowv duh urexvw wr xvlqj fkdlq0zhljkwhg phdvxuhv ri JGS dqg lqyhvwphqw sulfhv1H Zkhq zh
frqvlghu wkh sulfh ri htxlsphqw lqyhvwphqw dorqh/ ru wkh sulfh ri htxlsphqw dqg vwuxfwxuhv/ zh qg
wkdw wkh frqwhpsrudqhrxv fruuhodwlrq ehwzhhq wkh f|folfdo frpsrqhqw ri wkh sulfh ri lqyhvwphqw jrrgv
dqg rxwsxw lv 3=76 +313;, dqg 3=77 +3143,/ uhvshfwlyho|1 Xqolnh wkh frqvwdqw 4<<5 groodu gdwd/ wkhvh
gdwd duh dydlodeoh edfn wr 4<7:L1 Zkhq zh xvh gdwd fryhulqj wkh shulrg 4<7:L04<<8LY/ wkh uhvxowv duh
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83=5: +3143, dqg 3=54 +3145,1 Hylghqwo|/ wkh fruuhodwlrqv duh vrphzkdw ohvv qhjdwlyh lq wkh suh04<8<
shulrg1 Wklv uhhfwv vwurqj frpryhphqw lq wkh sulfh ri lqyhvwphqw jrrgv dqg lq JGS durxqg wkh wlph
ri wkh Nruhdq zdu1
 L_i* ,UL?L4)
Lq wkh uvw vxevhfwlrq wkdw iroorzv/ zh ghvfuleh wkh suhihuhqfhv/ whfkqrorj| dqg lqirupdwlrq dvvxpswlrqv
lq wkh prgho1 Vlqfh sulfhv dqg udwhv ri uhwxuq duh d fhqwudo frqfhuq ri rxu dqdo|vlv/ zh dovr glvfxvv wkh
xqghuo|lqj frpshwlwlyh ghfhqwudol}dwlrq1 Zh gr wklv lq wkh vhfrqg vxevhfwlrq ehorz1
6141 Suhihuhqfhv/ Whfkqrorj| dqg Lqirupdwlrq
Wkhuh duh wzr vhwv ri dvvxpswlrqv wkdw glhuhqwldwh rxuv iurp d vwdqgdug rqh0vhfwru/ uhsuhvhqwdwlyh
djhqw uhdo exvlqhvv f|foh prgho1 +l, Zh dgrsw wkh dvvxpswlrqv sursrvhg lq EFI wr dffrxqw iru phdq
dvvhw uhwxuqv= suhihuhqfhv kdyh wkh kdelw shuvlvwhqfh irup sursrvhg lq Frqvwdqwlqlghv +4<<3, dqg
Vxqgduhvdq +4<;<,> lqyhvwphqw dqg frqvxpswlrq jrrgv duh surgxfhg lq vsdwldoo| lvrodwhg orfdwlrqv>
dqg wkh doorfdwlrq ri fdslwdo dqg oderu wr vhfwruv pxvw eh pdgh sulru wr wkh uhdol}dwlrq ri wkh fxuuhqw
shulrg whfkqrorj| vkrfnv1 Wkh dvvxpswlrqv rq suhihuhqfhv uhvxow lq d sduwlfxodu f|folfdo sdwwhuq lq wkh
ghpdqg iru surgxfwlyh fdslwdo1 Wkh dvvxpswlrqv rq whfkqrorj| jxdudqwhh wkdw wkh vxsso| ri fdslwdo
lv lqhodvwlf lq wkh vkruw uxq1b EFI vkrz wkdw wkh frpelqhg hhfwv ri wkhvh wzr ihdwxuhv surgxfh d
f|folfdo sdwwhuq lq fdslwdo jdlqv wkdw doorzv d prgho wr jhqhudwh d odujh htxlw| suhplxp1 +ll, Zh
dgrsw prglfdwlrqv ghvljqhg wr khos wkh prgho dffrxqw iru wkh g|qdplf ehkdylru ri vwrfn pdunhw
dqg lqyhvwphqw jrrg sulfhv= d vwdwlrqdu| whfkqrorj| vkrfn shuwxuev erwk surgxfwlrq whfkqrorjlhv> wkh
lqyhvwphqw jrrg whfkqrorj| lv dovr shuwxuehg e| d vhfrqg vkrfn zlwk srvlwlyh guliw> dqg wkhuh duh frvwv
dvvrfldwhg zlwk wkh lqvwdoodwlrq ri qhz lqyhvwphqw jrrgv1
D ihz revhuydwlrqv derxw dvvxpswlrqv +ll, duh lq rughu1 Iroorzlqj Juhhqzrrg/ Khufrzlw} dqg
Nuxvhoo +4<<;,/ wkh srvlwlyh guliw lq wkh lqyhvwphqw0vshflf vkrfn lv lqwurgxfhg lq rughu wr uhqghu wkh
prgho frqvlvwhqw zlwk wkh srvw 4<;3v wuhqg fkdudfwhulvwlfv ri wkh lqyhvwphqw gdwd grfxphqwhg lq wkh
suhylrxv vhfwlrq1￿f Wkh vwdwlrqdu| vkrfn wkdw shuwxuev erwk surgxfwlrq whfkqrorjlhv fruuhvsrqgv wr
wkh cghpdqg* vkrfn glvfxvvhg lq wkh lqwurgxfwlrq1 Wkh frqvxpswlrq vprrwklqj prwlyh kdv wkh hhfw
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9ri frqyhuwlqj d srvlwlyh uhdol}dwlrq ri wklv vkrfn lqwr dq lqfuhdvh lq ghpdqg iru lqvwdoohg fdslwdo dqg
lqyhvwphqw jrrgv1




￿ ^orj+F|n￿  eF|n￿3￿,.+4  KSc|n￿ K￿c|n￿,`> +614,
zkhuh  lv d srvlwlyh vfdodu/ KSc|>K ￿c| ghqrwh hpsor|phqw lq wkh frqvxpswlrq dqg lqyhvwphqw jrrgv0
surgxflqj lqgxvwulhv/ dqg kdelw shuvlvwhqfh fruuhvsrqgv wr wkh fdvh eA3= Khuh/ H| lv wkh h{shfwdwlrq
rshudwru frqglwlrqhg rq doo yduldeohv gdwhg w dqg hduolhu1 Dovr/ F| ghqrwhv frqvxpswlrq/ dqg zh vshfli|
wkdw xwlolw| lv olqhdu lq ohlvxuh iroorzlqj Urjhuvrq +4<;;, dqg Kdqvhq +4<;8,1
Wkh whfkqrorj| iru surgxflqj frqvxpswlrq jrrgv lq w lv
F|  Nk
Sc|+h{s+|,KSc|,￿3k> +615,
zkhuh | lv d fryduldqfh vwdwlrqdu| vkrfn wr whfkqrorj|=
| @ |3￿ .%|> +616,
3 ??4= Wkh whfkqrorj| iru surgxflqj qhz lqyhvwphqw jrrgv lq w lv
LSc| . L￿c|  Y|Nk
￿c|+h{s+|,K￿c|,￿3k +617,
zkhuh
Y| @h { s +  . |,Y|3￿= +618,
Khuh/ %| dqg | duh }hur0phdq/ qrupdoo| glvwulexwhg udqgrp yduldeohv zklfk duh lqghshqghqw ri hdfk
rwkhu dqg ryhu wlph dqg zklfk kdyh vwdqgdug ghyldwlrqv 0 dqg >> uhvshfwlyho|1
Wkh whfkqrorj| iru surgxflqj hqg ri shulrg w fdslwdo/ N%c|/ iru lqgxvwu| { lv







iru { @ f>l dqg #  41 Lq +619,~+61:,/ | ghqrwhv suhylrxvo| lqvwdoohg fdslwdo dqg } ghqrwhv qhz
:lqyhvwphqw jrrgv1￿￿ Zkhq # @4 > +61:, fruuhvsrqgv wr wkh frqyhqwlrqdo olqhdu fdslwdo dffxpxodwlrq
htxdwlrq1 Lq wkh fdvh ri dgmxvwphqw frvwv/ #?4> wkh pdujlqdo surgxfw ri qhz lqyhvwphqw jrrgv
lv ghfuhdvlqj lq wkh rz ri lqyhvwphqw1 Zh fkrrvh wkh frqvwdqwv/ d￿ A 3d q gd2 A 3> wr jxdudqwhh
T%
￿ @ T%
2 @ 4 lq qrqvwrfkdvwlf vwhdg| vwdwh1 Wklv kdv wkh hhfw ri pdnlqj wkh qrqvwrfkdvwlf vwhdg|
vwdwh surshuwlhv ri wkh prgho lqyduldqw wr wkh ydoxh ri #=￿2
Zh uhtxluh wkdw wkh gdwh w doorfdwlrq ri fdslwdo dqg oderu wr vhfwruv eh ghwhuplqhg sulru wr wkh
gdwh w uhdol}dwlrq ri wkh h{rjhqrxv vkrfnv1 Zh uhihu wr wkh dvvxpswlrq wkdw oderu pxvw eh doorfdwhg
sulru wr wkh vkrfnv dv wkh olplwhg oderu prelolw| dvvxpswlrq1 Wkh sodqqlqj sureohp iru wklv hfrqrp|
lv dv iroorzv1 Vhohfw frqwlqjhqf| sodqv iru lqyhvwphqw/ fdslwdo/ frqvxpswlrq dqg hpsor|phqw zklfk
uhvshfw wkh lqirupdwlrq frqvwudlqwv/ dqg zklfk pd{lpl}h +614, iru hdfk w> vxemhfw wr +615,0+61:,1 Lq
dgglwlrq/ ohlvxuh/ hpsor|phqw/ fdslwdo/ dqg lqyhvwphqw pxvw eh qrq0qhjdwlyh1 D ghwdlohg glvfxvvlrq ri
wkh sodqqlqj sureohp dsshduv lq FI1 Wkh frqwlqjhqf| sodqv duh irxqg xvlqj wkh olqhdul}dwlrq phwkrg
ghvfulehg lq Fkulvwldqr +4<<;,1
6151 Pdunhw Sulfhv dqg Udwhv ri Uhwxuq
Rqh pdunhw ghfhqwudol}dwlrq zklfk doorzv xv wr ghqh suhflvho| wkh sulfhv dqg udwhv ri uhwxuq wkdw
lqwhuhvw xv lv glvfxvvhg lq ghwdlo lq FI1 Zh vxppdul}h wkdw glvfxvvlrq khuh1 Zh dvvxph wkdw krxvhkrogv
dqg upv lqwhudfw dqrq|prxvo| lq frpshwlwlyh pdunhwv dqg frqiurqw wkh iroorzlqj sulfhv dqg udwhv ri
uhwxuq=
 S&%c|  shulrg w sulfh ri suhylrxvo| lqvwdoohg/ ehjlqqlqj ri shulrg w fdslwdo/
 S￿c|  shulrg w sulfh ri shulrg w lqyhvwphqw jrrgv/
 S&￿
%c|  shulrg w sulfh ri ehjlqqlqj ri shulrg w . 4 lqvwdoohg fdslwdo/ N%c|n￿>
 4.ue




|  shulrg w . 4 frqvxpswlrq jrrg sd|r iru hdfk rqh xqlw ri ulvn iuhh ghew dftxluhg lq
shulrg w>
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;zkhuh { @ f fruuhvsrqgv wr wkh frqvxpswlrq jrrg vhfwru dqg { @ l fruuhvsrqgv wr wkh lqyhvwphqw
jrrg vhfwru1 Sulfhv duh ghqrplqdwhg lq xqlwv ri frqvxpswlrq jrrgv1 Udwhv ri uhwxuq duh shu xqlw ri
frqvxpswlrq jrrgv lqyhvwhg1 Wkh idfw wkdw wkhuh lv qr vxevfulsw { rq wkh sulfh ri lqyhvwphqw jrrgv
uhhfwv wkh lpsolfdwlrq ri +617, wkdw wkh pdujlqdo udwh ri wudqvirupdwlrq ehwzhhq LSc| dqg L￿c| lv xqlw|1
Wkh idfw wkdw wkh udwh ri uhwxuq rq ghew dovr kdv qr vxevfulsw/ {> uhhfwv lwv qrq0vwdwh frqwlqjhqw














| ghqrwhv wkh up*v ghew wr htxlw| udwlr1 Khuh/ psn%c|n￿ ghqrwhv wkh pdujlqdo surgxfw ri fdslwdo
lq lqgxvwu| {/ ghqrwhg lq shulrg w . 4 frqvxpswlrq xqlwv1 Dv lv zhoo nqrzq/ %
| lv qrw ghwhuplqhg lq
htxloleulxp/ dowkrxjk wkh htxloleulxp txdqwlw| doorfdwlrqv lq wkh prgho duh xqltxh dqg frlqflgh zlwk
wkh doorfdwlrqv wkdw hphujh iurp wkh sodqqlqj sureohp1














zkhuh  N|n￿ @ S&￿
Sc|NSc|n￿ . S&￿
￿c|N￿c|n￿=
Lq FI zh vkrz wkdw S&￿











Wkh uvw uhodwlrq lq +6143, lv fhqwudo wr twkhru|/ dqg vr zh uhihu wr lw dv wkh ctwkhru| uhodwlrq* +vhh
Kd|dvkl +4<;5/ htxdwlrq ;,1, Khuh/ T%
￿c| dqg T%
2c| duh wkh sduwldo ghulydwlyhv ri wkh ixqfwlrqv T% lq
+61:, zlwk uhvshfw wr lwv uvw dqg vhfrqg dujxphqw/ uhvshfwlyho|/ iru { @ f>l= Rxu revhuydwlrqv lq wkh
lqwurgxfwlrq derxw wkh uhvsrqvh ri wkh pdujlqdo frvw ri lqvwdoohg fdslwdo wr vkrfnv wr wkh ghpdqg dqg
vxsso| ri lqyhvwphqw jrrgv duh edvhg rq wklv uhodwlrqvkls1 Zh fdq vhh khuh wkdw d ghpdqg vkrfn/ zklfk
gulyhv S￿c| dqg L%c| erwk xs ohdgv wr pxwxdoo| uhlqiruflqj pryhphqwv ri wkh qxphudwru dqg ghqrplqdwru
whupv lq wkh twkhru| uhodwlrq/ zkloh d vxsso| vkrfn ohdgv wr rvhwwlqj pryhphqwv1
Lq dgglwlrq wr vdwlvi|lqj wkh twkhru| uhodwlrq/ wkh remhfw/ S&￿
%c|> lv dovr vkrzq lq FI wr vdwlvi|
wzr suhvhqw ydoxh uhodwlrqv1 Lq wkh uvw/ S&￿
%c| lv wkh suhvhqw glvfrxqwhg ydoxh ri wkh hduqlqjv ri wkh
















zkhuh sS lv wkh xvxdo lqwhuwhpsrudo udwh ri vxevwlwxwlrq lq frqvxpswlrq/ ghqhg suhflvho| lq FI1 Wkh
suhvhqfh ri wkh vtxduh0eudfnhwhg whup lq +6144, uhhfwv wkh ghsuhfldwlrq ri fdslwdo1 Lq FI zh vkrz
wkdw +6144, dovr krogv zlwk psn%c|n￿ uhsodfhg e| wkh gdwh w.m glylghqgv sdlg wr kroghuv ri htxlw| dqg
zlwk wkh remhfw lq vtxduh eudfnhwv uhsodfhg e| xqlw|1 Wkh phdvxuh ri glylghqgv lq wkh prgho lqfoxghv
wkh gluhfw hduqlqjv ri fdslwdo/ psn%> exw vxewudfwv iru wkh ghsuhfldwlrq frvwv +lqfoxvlyh ri lqvwdoodwlrq
frvwv, ri fdslwdo/ dqg doorzv iru wkh srvvlelolw|/ %
| 9@3 = Wkhvh frqvlghudwlrqv ohdg xv wr uhihu wr S&￿
% dv
wkh sulfh ri d vkduh ri vwrfn/ ru d vkduh ri htxlw|/ zkhuh d vkduh fruuhvsrqgv wr d fodlp rq d xqlw ri wkh
xqghuo|lqj fdslwdo ehlqj qdqfhg1￿￿
Lq rxu txdqwlwdwlyh dqdo|vlv/ zh vwxg| wkh g|qdplfv ri dq djjuhjdwh phdvxuh ri wkh sulfh ri htxlw|1
Zh ghqh wklv dv wkh udwlr ri fdslwdo jrrgv ydoxhg lq fxuuhqw frqvxpswlrq xqlwv/ glylghg e| fdslwdo
jrrgv ydoxhg lq edvh |hdu frqvxpswlrq xqlwv1 Lq rxu prgho/ zh lghqwli| wkh edvh |hdu zlwk qrqvwrfkdvwlf
vwhdg| vwdwh/ zkhq S&￿
Sc| @ S&￿










zkhuh N|n￿ @ NSc|n￿ . N￿c|n￿=
Ilqdoo|/ uhfdoo wkdw Wrelq*v t lv htxdo wr wkh pdujlqdo ydoxh wr wkh up ri N%c|n￿/ glylghg e| wkh
pdujlqdo frvw/ S￿c|> ri d qhz lqyhvwphqw jrrg1 FI vkrzv wkdw S&
￿
%c| fruuhvsrqgv wr wkh uhohydqw pdujlqdo

























{ @ f>l> zklfk lv xqlw| zkhq # @4 > vlqfh d2 @ 4 lq wkdw fdvh1 Rxu vshflfdwlrq ri d￿ dqg d2 kdv wkh
hhfw ri iruflqj Wrelq*v t wr eh xqlw| rq d vwhdg| vwdwh jurzwk sdwk=
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Lq wkh txdqwlwdwlyh uhvxowv uhsruwhg ehorz/ zh qg wkdw rxu prgho dffrxqwv zhoo iru exvlqhvv f|foh
frpryhphqw= wkh revhuydwlrq wkdw lqsxwv/ rxwsxwv dqg lqyhvwphqw dfurvv doo pdmru hfrqrplf vhfwruv
pryh xs dqg grzq wrjhwkhu ryhu wkh exvlqhvv f|foh1￿e Wudglwlrqdoo|/ frpryhphqw kdv ehhq wdnhq wr eh
d ghqlqj fkdudfwhulvwlf ri wkh exvlqhvv f|foh1 \hw/ lw kdv suryhg glfxow wr frqvwuxfw exvlqhvv f|foh
prghov zklfk duh frqvlvwhqw zlwk wklv skhqrphqrq1￿D Iru wklv uhdvrq/ lw lv ri lqghshqghqw lqwhuhvw wr
xqghuvwdqg zkdw ihdwxuhv ri rxu prgho duh fuxfldo iru jhqhudwlqj frpryhphqw/ dqg wr uhodwh wkhvh wr
wkh ihdwxuhv h{soruhg lq wkh olwhudwxuh1 Wklv lv zkdw zh gr lq wklv vhfwlrq1
7141 Frpryhphqw zlwk Kdelw Shuvlvwhqfh dqg Olplwhg Oderu Prelolw|
Zh uvw dujxh wkdw erwk wkh olplwhg oderu prelolw| dqg kdelw shuvlvwhqfh dvvxpswlrqv duh qhfhvvdu| iru
frpryhphqw lq rxu prgho1 Wr vhh wklv/ frqvlghu wkh Hxohu htxdwlrq iru hpsor|phqw lq wkh frqvxpswlrq
vhfwru/ zklfk vd|v wkdw wkh frqglwlrqdo phdq ri wkh surgxfw ri wkh pdujlqdo xwlolw| ri frqvxpswlrq dqg




@+ 4 KSc|  K￿c|,31= +714,
Khuh/ A3d q g Sc| lv wkh pdujlqdo xwlolw| ri frqvxpswlrq1 Lq rxu prgho  @3 > exw lw lv xvhixo iru
shgdjrjlfdo sxusrvhv wr doorz iru A3 wrr1 Zkhq wkh kdelw shuvlvwhqfh dvvxpswlrq lv gursshg +l1h1/
e @3 , > wkhq wkh ydoxh ri rxwsxw lq wkh frqvxpswlrq vhfwru/ Sc|F|> lv d frqvwdqw1 Uhduudqjlqj +714,=
KSc| @ +4  KSc|  K￿c|,1= +715,
Hylghqwo|/ li A3> wkhq K￿c| dqg KSc| pxvw pryh lq rssrvlwh gluhfwlrqv1 Wkh prvw idyrudeoh fdvh iru
frpryhphqw fruuhvsrqgv wr  @3 > zkhq KSc| lv d frqvwdqw1 Hlwkhu zd|/ wkh prgho grhv qrw h{klelw
frpryhphqw lq hpsor|phqw1
Qrz vxssrvh zh pdlqwdlq kdelw shuvlvwhqfh/ exw gurs wkh olplwhg oderu prelolw| dvvxpswlrq/ vr
wkdw wkh h{shfwdwlrq rshudwru lq +714, lv ghohwhg1 Wkh h{dfw h{suhvvlrq iru Sc| lv frpsolfdwhg/ exw
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44zh fdq dssur{lpdwh lw e| ljqrulqj wkh lpsdfw ri fxuuhqw frqvxpswlrq rq qh{w shulrg*v xwlolw|/ lq
zklfk fdvh Sc| @4 @+F|  eF|3￿,= Lq wklv fdvh/ wkh ydoxh ri wkh rxwsxw lq wkh frqvxpswlrq vhfwru/
Sc|F| @4 @+4eF|3￿@F|,> idoov zkhq d vkrfn gulyhv xs F|= Lw lv uhdglo| yhulhg wkdw li  @3w k h qKSc|
pxvw gurs dqg li A3w k h qKSc| dqg K￿c| pxvw pryh lq rssrvlwh gluhfwlrqv1 Hlwkhu zd|/ frpryhphqw lq
hpsor|phqw idlov1 Dowkrxjk wklv grhv qrw frqvwlwxwh d surri wkdw frpryhphqw idlov zkhq hqgrjhqhlw|
ri wkh kdelw vwrfn lv wdnhq lqwr dffrxqw/ lw lv vxjjhvwlyh/ dqg wkh lpsolfdwlrqv ri wkh dujxphqw duh
frqvlvwhqw zlwk wkh txdqwlwdwlyh uhvxowv uhsruwhg odwhu1 Wkhvh lqglfdwh wkdw/ iru sodxvleoh sdudphwhu
ydoxhv/ erwk olplwhg oderu prelolw| dqg kdelw shuvlvwhqfh duh qhfhvvdu| iru frpryhphqw1
Wr xqghuvwdqg zk| rxu wzr dvvxpswlrqv doorz wkh prgho wr jhqhudwh frpryhphqw/ vxssrvh wkhuh
lv d vxujh lq F| zklfk lv wudqvlwru|/ vr wkdw lw jhqhudwhv dq h{shfwdwlrq ri d ulvh lq F|@F|n￿ dqg/ khqfh/
ri 4@+4 eF|@F|n￿, wrr1 Wkh ydoxh ri rxwsxw lq wkh frqvxpswlrq vhfwru gursv lq shulrg w/e x wu l v h vl q
shulrg w.4= Wkhvh frqvlghudwlrqv dorqh kxuw frpryhphqw lq wkh shulrg ri wkh vkrfn/ exw khos lq shulrg
w .4 = Wkh olplwhg prelolw| ri oderu dvvxpswlrq lq hhfw qhxwudol}hv wkh qhjdwlyh frqwhpsrudqhrxv
lpsdfw rq frpryhphqw ri kdelw shuvlvwhqfh e| iruflqj oderu wr eh ghflghg sulru wr wkh vkrfn1
Dq lpsolfdwlrq ri wklv dujxphqw lv wkdw frpryhphqw lq wkh qh{w shulrg lv pruh olnho|/ wkh pruh
wudqvlwru| lv wkh vkrfn wr F|= Lw lv lqwhuhvwlqj wkdw wudqvlwru|qhvv qrw rqo| hqkdqfhv wkh olnholkrrg ri
frpryhphqw/ exw lw dovr hqkdqfhv wkh delolw| ri wkh prgho wr dffrxqw iru wkh htxlw| suhplxp +vhh
Erogulq/ Fkulvwldqr dqg Ilvkhu +4<<:,1,￿S
7151 Frpryhphqw lq wkh Olwhudwxuh
Frqglwlrq +715, dovr fkdudfwhul}hv wkh htxloleulxp lq vwdqgdug uhdo exvlqhvv f|foh prghov1￿. Iru wkh
prvw sduw/ wkh olwhudwxuh dwwhpswv wr xqghuvwdqg frpryhphqw e| lghqwli|lqj idfwruv zklfk udlvh wkh
ydoxh ri wkh rxwsxw ri wkh vhfwru zklfk surgxfhv frqvxpswlrq jrrgv lq d errp1￿H Zh eulh| glvfxvv
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45wzr ri wkhvh dssurdfkhv khuh1 Rqh irfxvhv rq wkh uroh ri gxudeoh jrrgv lq xwlolw|/ dqg wkh rwkhu irfxvhv
rq wkh uroh ri lqwhuvhfwrudo olqndjhv lq surgxfwlrq1￿b
Ed{whu +4<<9, vkrzv wkdw doorzlqj iru vrph vxevwlwxwdelolw| lq xwlolw| ehwzhhq gxudeohv dqg pdunhw
frqvxpswlrq fdq ohdg wr frpryhphqw e| hqkdqflqj wkh ydoxh ri pdunhw frqvxpswlrq lq d errp1 Iru
h{dpsoh/ lq wkh h{wuhph fdvh zkhq F| dqg wkh vhuylfh rz iurp gxudeohv/ G|> duh shuihfw vxevwlwxwhv/
dqg xwlolw| iurp wkhvh lv jlyhq e| orj+F| . G|,> wkh ydoxh ri frqvxpswlrq lv 4@+4 . G|@F|,= Wklv lv
lqfuhdvlqj lq F| lq wkh sodxvleoh fdvh wkdw G| lv vorz wr uhvsrqg wr d vkrfn12f Zkloh Ed{whu*v prgho
dsshduv wr pdnh vxevwdqwldo khdgzd| wrzdugv xqghuvwdqglqj frpryhphqw/ lw vwloo idoov d olwwoh vkruw rq
frpryhphqw lq vhfwrudo lqyhvwphqw1 Dowkrxjk fdslwdo lqyhvwphqw lq wkh qrqgxudeoh dqg gxudeoh jrrg
vhfwruv frydu| srvlwlyho| zlwk djjuhjdwh rxwsxw/ wkh| duh hvvhqwldoo| xqfruuhodwhg zlwk hdfk rwkhu12￿
Lq khu prgho/ Ed{whu dvvxphv wkdw wkh rxwsxw ri wkh qrqgxudeoh jrrg vhfwru lv xvhg h{foxvlyho| iru
frqvxpswlrq1 Krzhyhu/ Kruqvwhlq dqg Sudvfkqln +4<<:, dujxh wkdw d vljqlfdqw iudfwlrq ri wkh rxwsxw
ri wkh qrqgxudeoh jrrg vhfwru lv dfwxdoo| xvhg dv dq lqwhuphgldwh lqsxw>p |> lq wkh surgxfwlrq ri lqyhvw0
phqw jrrgv1 Wkh| dgrsw dq h{whqghg yhuvlrq ri Ed{whu*v iudphzrun dqg fdoleudwh lw wr dffrpprgdwh
wklv ihdwxuh ri wkh gdwd122 Lq wkhlu prgho/ surf|folfdo lqyhvwphqw wudqvodwhv lqwr surf|folfdo p|= Wklv
khosv frpryhphqw ehfdxvh/ zlwk p| vxflhqwo| surf|folfdo/ wkh ydoxh ri wkh rxwsxw ri wkh qrqgxudeoh
jrrgv vhfwru ehfrphv surf|folfdo12￿ Lqwhuhvwlqjo|/ hyhq wkrxjk wkh| lqwurgxfh dq dgglwlrqdo vrxufh ri
frpryhphqw uhodwlyh wr Ed{whu/ wkhuh lv d vhqvh lq zklfk Kruqvwhlq dqg Sudvfkqln jhw ohvv frpryhphqw
wkdq vkh grhv1 Wkhlu prgho lpsolhv frxqwhuidfwxdoo| wkdw lqyhvwphqw lq wkh qrqgxudeoh dqg gxudeoh
jrrgv vhfwruv lv qhjdwlyho| fruuhodwhg/ zkloh/ dv qrwhg deryh/ Ed{whu*v prgho suhglfwv dq hvvhqwldoo|
}hur fruuhodwlrq1 Wkh glhuhqfh lq uhvxowv suhvxpdeo| kdv wr gr zlwk glhuhqfhv lq wkh ghwdlov ri prgho
vshflfdwlrq dqg lq fdoleudwlrq1
Rqh lqwhusuhwdwlrq ri Kruqvwhlq dqg Sudvfkqln*v uhvxowv lv wkdw lqwhuvhfwrudo olqndjhv duh qrw vwurqj
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46hqrxjk wr surgxfh ixoo frpryhphqw1 Dq dqdo|vlv ri vxevhfwruv ri wkh qrqgxudeoh jrrgv vhfwru jlyhv
pruh uhdvrq wr vxvshfw wkdw lqwhuphgldwh jrrg olqndjhv ehwzhhq vhfwruv duh qrw d sulpdu| uhdvrq
iru frpryhphqw1 Fkulvwldqr dqg Nrxsdulwvdv +4<<;, vkrz wkdw wkhuh lv vxevwdqwldo yduldwlrq dfurvv
vxevhfwruv lq whupv ri krz pxfk lqwhuphgldwh jrrgv wkh| vhqg wr wkh lqyhvwphqw vhfwru1 Exw/ doprvw
doo ri wkhvh vhfwruv qhyhuwkhohvv h{klelw d vxevwdqwldo ghjuhh ri surf|folfdolw|1 Iru h{dpsoh/ ohvv wkdq
rqh shufhqw ri wkh jurvv rxwsxw ri wkh uhwdlo wudgh vhfwru lv xvhg dv lqwhuphgldwh jrrgv lq wkh surgxfwlrq
ri lqyhvwphqw jrrgv1 Vwloo/ hpsor|phqw lq wkdw vhfwru lv vwurqjo| surf|folfdo1 Vrphwklqj rwkhu wkdq dq
lqwhuphgldwh jrrg olqn wr wkh lqyhvwphqw vhfwru pxvw eh ehklqg wklv surf|folfdolw|1 Shukdsv lw lv kdelw
shuvlvwhqfh dqg olplwhg oderu prelolw|1
D tt}??} V@*it |L |i @h@4i|iht
Lq wklv vhfwlrq/ zh glvfxvv wkh ydoxhv zh dvvljq wr rxu prgho*v sdudphwhuv1 Wkh edvlf dssurdfk lv
dv iroorzv1 Zh fkrrvh wkh fdslwdo dgmxvwphqw frvw sdudphwhu/ #> dqg wkh yduldqfh ri wkh lqyhvwphqw0
vshflf vkrfn/ >> wr pdwfk wkh f|folfdo surshuwlhv ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv1 Zh
hvwlpdwh wkh lqqrydwlrq vwdqgdug ghyldwlrq ri rxu djjuhjdwh vkrfn/ 0> iurp wkh lqqrydwlrq vwdqgdug
ghyldwlrq ri phdvxuhg frqvxpswlrq1 Wkh uhpdlqlqj sdudphwhuv duh vhohfwhg xvlqj wkh phwkrgrorj| lq
EFI/ wr uhsolfdwh dv forvho| dv srvvleoh wkh phdq surshuwlhv ri dvvhw uhwxuqv/ dqg wr uhsurgxfh ydulrxv
uvw prphqwv olnh dyhudjh jurzwk udwhv dqg wkh dyhudjh vkduh ri lqfrph sdlg wr oderu1 D nh| dvshfw ri
rxu phwkrg lv wkdw zh gr qrw xvh exvlqhvv f|foh vwdwlvwlfv ru vhfrqg prphqw surshuwlhv ri dvvhw uhwxuqv
wr hvwlpdwh wkh prgho1 Wkhvh duh uhvhuyhg iru whvwlqj sxusrvhv1
Wkhuh duh 43 prgho sdudphwhuv=
> > > >  > e> > 0># > >=
Wkh uvw vhw ri yh sdudphwhuv frqwuro wkh vwhdg| vwdwh surshuwlhv ri wkh prgho12e Wkh vhfrqg vhw
frqwurov wkh exvlqhvv f|foh dqg dvvhw sulflqj surshuwlhv1 Zh qrz frqvlghu wkhvh lq vhtxhqfh1
8141 Sdudphwhuv Frqwuroolqj Vwhdg| Vwdwh
Zh vhw
 @3 =<<<<<> @3 =69> @3 =354>@4 >  @+4 ,@3 =337= +814,
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47Wkh lqglfdwhg ydoxh ri  zdv vhohfwhg wr pd{lpl}h wkh prgho*v delolw| wr dffrxqw iru wkh revhuyhg
orz ulvn iuhh udwh1 Wkh ydoxh ri  zdv fkrvhq edvhg rq hylghqfh rq wkh vkduh ri JGS hduqhg e|
fdslwdo uhsruwhg lq Fkulvwldqr +4<;;/ iwq16,1 Dovr/ wkh ydoxh ri  zdv fkrvhq edvhg rq Fkulvwldqr dqg
Hlfkhqedxp +4<<5/ s1774,*v qglqj wkdw wkh vdpsoh dyhudjh ri ^4  +N|n￿  L|,@N|`l v3 =354= Zh fkrvh
d frqvhuydwlyh ydoxh iru 1 Lw pdwfkhv wkh orzhu erxqg ri wkh udqjh ri hpslulfdo hvwlpdwhv ri wkh ghew
wr htxlw| udwlr uhsruwhg lq Ehqqlqjd dqg Surwrsdsdgdnlv +4<<3,12D Lw olhv ehorz wkh ghew wr htxlw|
udwlrv frqvlghuhg lq Deho dqg Eodqfkdug +4<;9/ s158;,1 Wkh| frqvlghu  @5 >6= Ilqdoo|  @+4  ,l v
wkh vwhdg| vwdwh jurzwk udwh ri frqvxpswlrq lq wkh prgho/ dqg   zdv vhohfwhg vr wkdw lw frlqflghv zlwk
wkh fruuhvsrqglqj vdpsoh dyhudjh uhsruwhg lq Fkulvwldqr dqg Hlfkhqedxp +4<<5/ s1774,1
Wkh prgho*v vwhdg| vwdwh surshuwlhv duh lqfrqvlvwhqw zlwk wkh hylghqfh uhsruwhg lq Vhfwlrq 5 wkdw
vxjjhvwv wkhuh kdv ehhq d euhdn lq wkh wuhqg ri lqyhvwphqw jrrg sulfhv +vhh Iljxuh 4,1 Zh h{shfw
wkdw wklv vkruwfrplqj ri rxu prgho grhv qrw vljqlfdqwo| glvwruw rxu uhvxowv1 Rxu ydoxh ri   kdv wkh
lpsolfdwlrq wkdw wkh udwh dw zklfk wkh sulfh ri lqyhvwphqw jrrgv idoov lq vwhdg| vwdwh lv 51;7 shufhqw shu
|hdu1 Dowkrxjk wklv plvvhv wkh suh04<;3v wuhqg/ lw pdwfkhv wkh 4<;3v dqg 4<<3v sulfh wuhqg uhdvrqdeo|
zhoo1 Wkh lpsolflw sulfh ghdwru iru {hg lqyhvwphqw soxv frqvxphu gxudeohv idoov dw wkh udwh ri 5=37
shufhqw shu |hdu gxulqj wklv shulrg1
8151 Sdudphwhuv Frqwuroolqj Exvlqhvv F|fohv dqg Dvvhw Sulflqj
Wkh uhpdlqlqj sdudphwhuv duh e> #> > 0> >= Lq rxu prgho/ wkh vwdqgdug ghyldwlrq lq wkh lqqrydwlrq
lq htxloleulxp/ orj frqvxpswlrq lv +4 ,0= Zh vhw 0 @3 =339<> wkh hpslulfdo vwdqgdug ghyldwlrq ri
wkh lqqrydwlrq lq frqvxpswlrq/ glylghg e| +4  ,=2S Ydoxhv iru wkh uhpdlqlqj irxu prgho sdudphwhuv
zhuh fkrvhq xvlqj wkh iroorzlqj irxu prphqwv ri wkh gdwd=
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48Khuh/ +{>|, ghqrwhv wkh fruuhodwlrq ehwzhhq wkh orjjhg/ KS owhuhg yduldeoh { dqg wkh vlploduo| owhuhg
yduldeoh/ |1 Dovr/ \ ghqrwhv djjuhjdwh JGS/ phdvxuhg lq edvh |hdu sulfhv12. Ilqdoo|/ H ghqrwhv wkh
xqfrqglwlrqdo h{shfwdwlrq rshudwru1 Wkh uvw wzr vwdwlvwlfv lq +815, duh wkh rqhv wkdw prwlydwh wklv
sdshu1 Wkh wzr vwdwlvwlfv lq +816, duh uhsurgxfhg iurp Fhffkhwwl/ Odp/ dqg Pdun +4<<6, +FOP,1
Zh frxog qrw qg ydoxhv ri wkh sdudphwhuv wr uhsurgxfh +815, dqg +816, h{dfwo|1 Lqvwhdg/ zh fkrrvh
ydoxhv iru e> #> > > zklfk pdnh wkh prgho uhsurgxfh +815, h{dfwo|/ dqg vlpso| frph dv forvh dv
srvvleoh wr +816,1 Rxu dojrulwkp surfhhgv dv iroorzv1 Iru jlyhq ydoxhv ri e dqg > zh vhohfw ydoxhv iru
# dqg > vr wkdw wkh prgho uhsolfdwhv +815,12H Wklv lpsolflwo| ghqhv # dqg > dv ixqfwlrqv ri e dqg
= Zh wkhq ydu| e dqg  ryhu d julg ri 83 dgplvvleoh srlqwv wr plqlpl}h wkh iroorzlqj fulwhulrq=2b
O+e>,@^ a A  i+e>,`
￿ a Y 3￿
A ^a A  i+e>,`> +817,
zkhuh i+e>,l vw k h5 4 yhfwru frpsrvhg ri wkh prgho*v lpsolfdwlrq iru wkh ulvn iuhh udwh dqg wkh
htxlw| suhplxp/ dqg a A lv wkh yhfwru frpsrvhg ri wkh fruuhvsrqglqj hpslulfdo hvwlpdwhv uhsruwhg lq
+816,1 Lq dgglwlrq/ wkh 55 pdwul{ a YA lv wkh FOP hvwlpdwh ri wkh xqghuo|lqj vdpsolqj yduldqfh lq a A1
Ohw
M @ O+a eA> a A,> +818,
zkhuh a eA> a A vroyh wkh plqlpl}dwlrq sureohp1 D ydoxh iru  zdv dgplvvleoh li lw olhv lqvlgh wkh xqlw
flufoh1 Lq dgglwlrq/ rqo| wkrvh e> frpelqdwlrqv zhuh frqvlghuhg dgplvvleoh li wkh| kdg wkh surshuw|
wkdw F|  eF|3￿ dqg Sc|  3 duh qhyhu revhuyhg lq wkh Prqwh Fduor vlpxodwlrqv xvhg wr hydoxdwh i=
Zh rewdlqhg wkh iroorzlqj uhvxowv=
a e @3 =93> a  @3 =958>M@6 =63= +819,
Wkh fruuhvsrqglqj hvwlpdwhv ri #> > duh=￿f
a # @3 =56> a > @3 =356= +81:,
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49Zh fdq jhw vrph lghd derxw wkh vkdsh ri O+e>, iurp Iljxuh 61 Lw vkrzv wkh 83 ydoxhv ri O fruuhvsrqglqj
wr rxu julg ri e>*v1 Wkh e>  frpelqdwlrq wkdw rswlpl}hv wkh fulwhulrq lv lqglfdwhg e| d vpdoo flufoh/
dqg wkh dvvrfldwhg ydoxh ri M lv lqglfdwhg lq sduhqwkhvhv1 Wkh ydoxhv ri O dsshdu lq 8 foxvwhuv ri 43/
zlwk hdfk foxvwhu dvvrfldwhg zlwk rqh ri wkh 8 ydoxhv ri e1 Wkh xqghuo|lqj ydoxh ri  ghfolqhv dv zh
pryh iurp vrxwkhdvw wr qruwkzhvw lq d foxvwhu1 Hylghqwo|/ uhgxflqj  lqfuhdvhv wkh htxlw| suhplxp dqg
wkh ulvn iuhh udwh dw wkh vdph wlph1 Dowkrxjk rxu prgho fdqqrw h{dfwo| uhsolfdwh wkh hpslulfdo htxlw|
suhplxp dqg ulvn iuhh udwh/ lw fdq jhw zhoo lqvlgh d 8 shufhqw frqghqfh vskhuh1
Zh fdq dw wklv srlqw vd| vrphwklqj derxw wkh udwlrqdoh iru wkh sduwlfxodu vshflfdwlrq ri kdelw
shuvlvwhqfh suhihuhqfhv dgrswhg lq +614,1 Lq d pruh jhqhudo vshflfdwlrq/ xwlolw| zrxog kdyh ehhq d
ixqfwlrq ri F|  [|> zkhuh wkh kdelw vwrfn/ [|> reh|v wkh odz ri prwlrq [| @ k[|3￿ . eF|3￿= Zh
vhw k @ 3 ehfdxvh wklv lv wkh ydoxh zklfk rswlpl}hv wkh phwulf lq +818,1￿￿ Dowkrxjk wklv phwulf kdv
qrwklqj gluhfwo| wr gr zlwk exvlqhvv f|fohv/ k @ 3 lv dq lpsruwdqw idfwru ehklqg wkh prgho*v delolw|
wr dffrxqw iru frpryhphqw1 Zlwk d odujh srvlwlyh ydoxh ri k> d vxujh lq frqvxpswlrq ohdyhv wkh kdelw
vwrfn uhodwlyho| xqdhfwhg lq wkh iroorzlqj shulrg dqg vr wkhuh lv qrw pxfk ri dq lqfhqwlyh wr wdujhw
uhvrxufhv wr wkh frqvxpswlrq vhfwru wkhq1 Iru h{dpsoh/ lq EFI/ kA3 dqg wkhlu prgho grhv qrw
glvsod| frpryhphqw1 Fkulvwldqr dqg Ilvkhu +4<<8, glvfxvv wkh uhdvrqv EFI hvwlpdwh kA3 zkloh zh
qg k @3 = Rqh kdv wr gr zlwk wkh vshflfdwlrq ri wkh gulylqj vkrfnv dgrswhg khuh wr uhqghu wkh prgho
frqvlvwhqw zlwk wkh exvlqhvv f|foh dqg srvw04<;3v wuhqg surshuwlhv ri lqyhvwphqw jrrg sulfhv1 Dqrwkhu
kdv wr gr zlwk wkh glhuhqw zd| ohlvxuh hqwhuv wkh xwlolw| ixqfwlrq +vhh Vhfwlrq 7,1 Zh dvvxph lw hqwhuv
olqhduo|/ zkloh EFI dvvxph lw hqwhuv orj0olqhduo|1
Wr khos hydoxdwh rxu sdudphwhu hvwlpdwhv/ zh frpsxwhg wkh lpsolhg hodvwlflw| ri lqyhvwphqw zlwk
uhvshfw wr Wrelq*v t1￿2 Wkdw txdqwlw| lv 4=64 lq rxu prgho1 Iru frpsdulvrq/ Deho +4<;3/ s1 :7,*v
hvwlpdwhv ri wklv txdqwlw| udqjh iurp 3=83 wr 4=47= Hehuo| +4<<:,*v hvwlpdwhv iru XV gdwd/ edvhg rq
ruglqdu| ohdvw vtxduhv dqg lqvwuxphqwdo yduldeohv/ duh 3=89 dqg 4=39> uhvshfwlyho|1￿￿ Ilqdoo|/ Fxpplqv/
Kdvvhww/ dqg Rolqhu +4<<:,*v hvwlpdwhv duh 3175 dqg 3188 edvhg rq ruglqdu| ohdvw vtxduhv dqg lqvwux0
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4:phqwdo yduldeohv/ uhvshfwlyho|1￿e Wkh lqyhuvh ri wkh deryh hodvwlflw| lv wkh hodvwlflw| ri wkh pdujlqdo
frvw ri lqvwdoohg fdslwdo zlwk uhvshfw wr lqyhvwphqw/ kroglqj sulfhv {hg1 Wklv lv wkh remhfw uhihuuhg wr
lq wkh lqwurgxfwlrq1 Rxu hvwlpdwh ri wklv txdqwlw|/ 31:9/ lv hylghqwo| vpdoohu wkdq zkdw lv uhsruwhg lq
wkh olwhudwxuh1
S "@?||@|i +it*|t
Wklv vhfwlrq kdv wzr sxusrvhv1 Iluvw/ zh hydoxdwh wkh lqwhusuhwdwlrq vxppdul}hg lq wkh lqwurgxfwlrq
uhjduglqj wkh glyhujhqw f|folfdo ehkdylru ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv1 Zh grfxphqw
krz wkh ydulrxv ihdwxuhv ri rxu fdoleudwhg prgho frqwulexwh wr dffrxqwlqj iru wklv skhqrphqrq1 Zh
wkhq exlog frqghqfh lq rxu lqwhusuhwdwlrq e| hydoxdwlqj wkh prgho*v exvlqhvv f|foh dqg dvvhw sulflqj
lpsolfdwlrqv1 Ryhudoo/ wkh prgho grhv zhoo rq wklv whvw1 Wkh prglfdwlrqv zh lqwurgxfh lqwr EFI wr
dffrpprgdwh rxu k|srwkhvlv gr qrw ohdg wr d vljqlfdqw ghwhulrudwlrq ri wkh hpslulfdo shuirupdqfh ri
wkdw prgho1 Pruhryhu/ wkh prglfdwlrqv ohdg wr wzr vxevwdqwldo lpsuryhphqwv/ e| hqdeolqj wkh prgho
wr dffrxqw iru frpryhphqw dqg iru wkh lqyhuwhg ohdglqj lqglfdwru uroh ri lqwhuhvw udwhv1
Vhfrqg/ zh hydoxdwh dq dowhuqdwlyh k|srwkhvlv derxw wkh revhuyhg f|folfdo ehkdylru ri vwrfn pdunhw
dqg lqyhvwphqw jrrg sulfhv1 D nh| idfw prwlydwlqj rxu dqdo|vlv lv wkh surf|folfdo qdwxuh ri vwrfn pdunhw
sulfhv1 Rxu fdoleudwhg prgho lqwhusuhwv wklv dv uhhfwlqj wkhlu uhvsrqvh wr wkh ghpdqg vkrfn +l1h1/ |,=
Exw/ zlwk d kljk hqrxjk pdujlqdo lqvwdoodwlrq frvw hodvwlflw|/ vwrfn sulfhv frxog hyhq eh surf|folfdo
zlwk uhvshfw wr wkh lqyhvwphqw0vshflf vkrfn +wkh lqwxlwlrq iru wklv lv lpsolflw lq wkh glvfxvvlrq lq wkh
lqwurgxfwlrq,1 Lq wklv fdvh/ rqo| wkh lqyhvwphqw0vshflf vkrfn zrxog eh qhhghg wr h{sodlq wkh glyhujhqw
f|folfdo ehkdylru ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv1 Wklv ohdgv xv wr dovr frqvlghu d rqh0
vkrfn k|srwkhvlv/ wkdw exvlqhvv f|foh xfwxdwlrqv duh gulyhq rqo| e| wkh lqyhvwphqw0vshflf vkrfn1
Lqwhuhvwlqjo|/ zh qg wkdw vwrfn sulfhv duh suhglfwhg wr eh surf|folfdo zlwk dq lqvwdoodwlrq hodvwlflw| qrw
pxfk odujhu wkdq wkh rqhv uhsruwhg lq wkh olwhudwxuh1 Zh qhyhuwkhohvv uhmhfw wkh rqh vkrfn k|srwkhvlv
ehfdxvh/ dv grfxphqwhg ehorz/ lw ghvwur|v wkh delolw| ri wkh prgho wr dffrxqw iru vhyhudo vdolhqw ihdwxuhv
ri dvvhw uhwxuqv dqg exvlqhvv f|fohv1￿D
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4;Wkh iroorzlqj glvfxvvlrq lv rujdql}hg lqwr wzr sduwv1 Lq wkh uvw/ zh vwxg| wkh prgho*v lpsolfdwlrqv
iru qdqfldo pdunhw sulfhv dqg udwhv ri uhwxuq/ dqg iru wkh sulfh ri lqyhvwphqw jrrgv1 Lq wkh vhfrqg/
zh vwxg| wkh prgho*v lpsolfdwlrqv iru exvlqhvv f|fohv1
9141 Ilqdqfldo Pdunhwv
Wdeoh 4 suhvhqwv ydulrxv vwdwlvwlfv zklfk fdswxuh wkh lpsolfdwlrqv ri rxu prgho iru qdqfldo yduldeohv1
Wkh uvw froxpq suhvhqwv uhvxowv edvhg rq wkh gdwd +cGdwd*,1 Wkh froxpq pdunhg cFdoleudwhg* uhsruwv
uhvxowv xvlqj wkh sdudphwhu ydoxhv iurp wkh fdoleudwlrq ghvfulehg lq wkh suhylrxv vhfwlrq1 Wkh froxpqv
wr wkh uljkw ri wkdw uhsruw uhvxowv edvhg rq shuwxuelqj wkh ydoxh/ dv lqglfdwhg lq wkh froxpq khdghu/ ri
rqh +ru/ lq wzr fdvhv/ wzr, ri wkh prgho sdudphwhuv1 Lq hdfk fdvh/ wkh rwkhu sdudphwhu ydoxhv duh nhsw
dw wkhlu fdoleudwhg ydoxhv1
914141 Vwrfn Pdunhw dqg Lqyhvwphqw Jrrg Sulfhv
Zh ehjlq e| grfxphqwlqj wkh frqwulexwlrqv ri wkh wzr0vkrfn dqg dgmxvwphqw frvw dvvxpswlrqv wr
h{sodlqlqj wkh vljq vzlwfk lq wkh fruuhodwlrq zlwk rxwsxw ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv1
Zkhq dgmxvwphqw frvwv duh holplqdwhg +c# @3 =<*,/ ru wkhuh lv rqo| dq djjuhjdwh vkrfn +c> @3 * , /w k h q
wkh prgho orvhv lwv delolw| wr dffrxqw iru wkh vljq vzlwfk1 Wklv lv wr eh h{shfwhg1 Dgmxvwphqw frvwv
duh wkh zhgjh ehwzhhq vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv +uhfdoo +6143,,1 Holplqdwh wkh zhgjh/
dqg wkh glhuhqfh lq wkh g|qdplf ehkdylru ehwzhhq wkh wzr sulfhv glvdsshduv wrr1 Dovr/ zlwk rqo|
djjuhjdwh vkrfnv wkhuh duh rqo| vrxufhv ri surf|folfdolw| lq wkh wzr sulfhv1
Wkh rqh0vkrfn k|srwkhvlv phqwlrqhg deryh lv fdsdeoh ri dffrxqwlqj iru wkh vljq vzlwfk/ li wkh
pdujlqdo lqvwdoodwlrq frvw hodvwlflw| lv vxflhqwo| odujh1 Vlpso| vhwwlqj wkh yduldqfh ri wkh djjuhjdwh
vkrfn wr }hur zlwkrxw dovr udlvlqj wkh frvw hodvwlflw| grhv qrw zrun/ vlqfh erwk sulfhv duh frxqwhuf|folfdo
zlwk uhvshfw wr wkh lqyhvwphqw0vshflf vkrfn lq wkh fdoleudwhg prgho +vhh wkh froxpq pdunhg c0 @3 >
# @3 =56*,1 Zlwk # uhgxfhg wr 3=478> vwrfn sulfhv duh surf|folfdo zlwk uhvshfw wr wkh lqyhvwphqw0
vshflf vkrfn dqg/ pruhryhu/ wkh prgho uhsolfdwhv wkh hpslulfdo fruuhodwlrq ehwzhhq wkh vwrfn sulfh
dqg rxwsxw +c0 @3 >#@ 3=478*,1 Lqwhuhvwlqjo|/ wkh qhz ydoxh ri # grhv qrw lpso| dq lqruglqdwho|
kljk pdujlqdo frvw hodvwlflw|1 Wkh lpsolhg hodvwlflw| ri lqyhvwphqw wr Wrelq*v t lv 3=;:> d q gw k l vo l h vz h o o
zlwklq wkh udqjh ri wkh hpslulfdo hvwlpdwhv glvfxvvhg deryh1 Wkxv/ wkh rqh0vkrfn k|srwkhvlv lv fdsdeoh
ri dffrxqwlqj iru wkh vljq vzlwfk revhuydwlrq1 Krzhyhu/ zh vkrz ehorz wkdw wkh rqh0vkrfn k|srwkhvlv
kdv rwkhu edg hpslulfdo lpsolfdwlrqv1 D uhodwlyho| vpdoo sureohp wkdw lv douhdg| hylghqw lq Wdeoh 4 lv
wkdw wkh fruuhodwlrq ri S￿ zlwk rxwsxw lv suhglfwhg wr eh forvh wr plqxv rqh1
Ixuwkhu lqvljkw lqwr rxu fdoleudwhg prgho*v dffrxqw iru wkh vljq vzlwfk pd| eh rewdlqhg iurp
4<Iljxuh 71 Wkdw jxuh glvsod|v wkh uhvsrqvh ri sulfhv dqg udwhv ri uhwxuq wr d rqh0vwdqgdug ghyldwlrq
lqqrydwlrq lq wkh djjuhjdwh whfkqrorj| vkrfn +vrolg olqh, dqg lq wkh lqyhvwphqw0vshflf vkrfn +gdvkhg
olqh,1 Frqvlghu wkh uhvsrqvh wr wkh djjuhjdwh vkrfn1 Wkhuh lv d vkdus ulvh lq erwk wkh lqyhvwphqw
jrrg sulfh/ S￿> dqg wkh sulfh ri htxlw|/ S&￿ +Iljxuhv 7D dqg 7E,1 Frqvlvwhqw zlwk wkh lqwxlwlrq lq wkh
lqwurgxfwlrq dqg wkh glvfxvvlrq lq Vhfwlrq 6/ wkh mxps lq wkh htxlw| sulfh h{fhhgv wkdw lq wkh sulfh ri
lqyhvwphqw jrrgv1 Frqvlghu wkh uhvsrqvh wr dq lqyhvwphqw0vshflf whfkqrorj| vkrfn1 Dv dqwlflsdwhg
lq wkh lqwurgxfwlrq/ Iljxuh 7 vkrzv wkdw S&￿ idoov uhodwlyho| olwwoh/ e| frpsdulvrq zlwk S￿1
Dowkrxjk wkh prgho dffrxqwv zhoo iru wkh f|folfdo frpryhphqw zlwk rxwsxw ri lqyhvwphqw dqg htxlw|
sulfhv/ lw grhv qrw dffrxqw zhoo iru wkh pdjqlwxgh ri wkhlu f|folfdo yrodwlolw|1 Lq wkh gdwd/ wkh vwdqgdug
ghyldwlrq ri htxlw| sulfhv lv d olwwoh ehorz 43 shufhqw/ zkloh wkh vwdqgdug ghyldwlrq ri lqyhvwphqw jrrg
sulfhv lv d olwwoh deryh 4 shufhqw1 Lq wkh prgho/ wkhvh wzr sulfhv kdyh urxjko| wkh vdph vwdqgdug
ghyldwlrq/ htxdo wr wkh plgsrlqw ehwzhhq wkh wzr hpslulfdo vwdqgdug ghyldwlrqv1 Lqwhuhvwlqjo|/ wkh
Vkloohu +4<;4, _h{fhvv yrodwlolw|% sx}}oh vwdqgv khuh1 Ghvslwh lwv +frxqwhuidfwxdoo|/ dv zh zloo vhh, kljk
yrodwlolw| lq lqwhuhvw udwhv/ wkh prgho vwloo fdqqrw dffrxqw iru wkh revhuyhg kljk yrodwlolw| ri vwrfn sulfhv1
914151 Wkh Htxlw| Suhplxp dqg Ulvn Iuhh Udwh
Wkh dvvhw sulflqj shuirupdqfh ri rxu prgho lv frpsdudeoh wr wkdw ri EFI1 Dv qrwhg deryh/ wkh htxlw|
suhplxp dqg ulvn iuhh udwh lpsolhg e| rxu fdoleudwhg prgho olh zhoo lqvlgh d 8 shufhqw frqghqfh hoolsvh
ri wkh fruuhvsrqglqj hpslulfdo hvwlpdwhv +Iljxuh 6,1 Wdeoh 4 vkrzv wkdw wkh htxlw| suhplxp lv uhgxfhg
e| d idfwru ri 43 e| holplqdwlqj kdelw shuvlvwhqfh lq suhihuhqfhv +vhh wkh froxpq/ ce @ 3*,/ ru e| gursslqj
wkh olplwhg oderu prelolw| dvvxpswlrq +vhh wkh froxpq/ _Ixoo Oderu%,1￿S Wklv lv frqvlvwhqw zlwk EFI*v
frqfoxvlrq wkdw olplwdwlrqv rq idfwru prelolw| dqg kdelw shuvlvwhqfh duh lpsruwdqw iru surgxflqj dq
htxlw| suhplxp lq d exvlqhvv f|foh prgho1 Rxu prgho kdv hvvhqwldoo| wkh vdph lpsolfdwlrqv dv EFI*v
iru ulvn dyhuvlrq/ dqg vr zh gr qrw glvfxvv wklv khuh1
Dv fdq eh dqwlflsdwhg iurp hduolhu glvfxvvlrq/ wkh vwrfkdvwlf surshuwlhv ri wkh h{rjhqrxv vkrfnv duh
lpsruwdqw iru wkh prgho*v delolw| wr uhsolfdwh wkh htxlw| suhplxp1 Lqfuhdvhg dxwrfruuhodwlrq lq wkh
djjuhjdwh whfkqrorj| vkrfn uhgxfhv wkh htxlw| suhplxp +c @3 =<<>#@3 =56*,1￿. Dovr/ wkh htxlw|
suhplxp glvdsshduv zkhq wkh lqqrydwlrq ri wkh djjuhjdwh whfkqrorj| vkrfn lv vhw wr }hur +c0 @3 >
# @3 =56* ru c0 @3 >#@ 3=478*,/ dqg lv yluwxdoo| xqdhfwhg e| vhwwlqj wkh lqqrydwlrq lq wkh
lqyhvwphqw0vshflf vkrfn wr }hur +c> @ 3*,1 Wkhvh odwwhu qglqjv uhhfw wkdw wkh htxlw| suhplxp
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53ghshqgv rq wkh rqh0vwhs0dkhdg xqfhuwdlqw| lq djjuhjdwh frqvxpswlrq1￿H Frqvlvwhqw zlwk wklv/ xqghu
wkh rqh0vkrfn k|srwkhvlv glvfxvvhg deryh/ wkh prgho orvhv lwv delolw| wr dffrxqw iru wkh htxlw| suhplxp1
Wr jdlq ixuwkhu lqvljkw lqwr wkh g|qdplf ehkdylru ri udwhv ri uhwxuq lq wkh prgho/ frqvlghu Iljxuhv
7F dqg 7G1 Wkh ulvn iuhh udwh kdugo| uhvsrqgv wr wkh lqyhvwphqw vshflf vkrfn +vhh dovr wkh c0 @3 >
# @3 =56* froxpq lq Wdeoh 4,/ exw uhvsrqgv pdvvlyho| wr wkh djjuhjdwh vkrfn1 Wklv uhhfwv +l, wkdw
wkh lqyhvwphqw0vshflf vkrfn kdv qr fxuuhqw shulrg lpsdfw rq frqvxpswlrq/ zkloh wkh djjuhjdwh vkrfn
grhv/ +ll, wkh sulpdu| dyhqxh e| zklfk d vkrfn dhfwv wkh ulvn iuhh udwh lq wkh prgho lv yld wkh fxuuhqw
shulrg pdujlqdo xwlolw| ri frqvxpswlrq dqg +lll, wkh pdujlqdo xwlolw| ri frqvxpswlrq lv vhqvlwlyh wr
fxuuhqw frqvxpswlrq xqghu kdelw shuvlvwhqfh1
Wkh vwurqj uhvsrqvh lq wkh ulvn iuhh udwh wr wkh djjuhjdwh vkrfn lv wkh uhdvrq rxu prgho ryhuvwdwhv
e| d idfwru ri wkuhh wkh yrodwlolw| ri wkh ulvn iuhh udwh +vhh Wdeoh 4,1￿b W k hu h v s r q v hr iw k hu d w hr i
uhwxuq rq htxlw| wr wkh djjuhjdwh vkrfn lv dovr yhu| vwurqj/ dqg h{sodlqv zk| wkh prgho ryhuvwdwhv e|
d idfwru ri wzr wkh yrodwlolw| ri wkh htxlw| suhplxp dqg wkh uhwxuq rq htxlw| +vhh Wdeoh 4,1 Wkh srru
shuirupdqfh ri wkh prgho rq wkhvh glphqvlrqv lv frpsdudeoh wr wkdw ri EFI1
Wkhuh lv dq dvshfw ri wkh vhfrqg prphqw surshuwlhv ri dvvhw uhwxuqv rq zklfk wkh prgho grhv
uhdvrqdeo| zhoo1 Lq sduwlfxodu/ olnh EFI/ rxu prgho grhv uhdvrqdeo| zhoo rq wkh Vkdush udwlr/ Hue@oe1ef
Dffruglqj wr Wdeoh 4/ wkh prgho*v Vkdush udwlr ri 3=47 olhv mxvw eduho| rxwvlgh d wzr0vwdqgdug ghyldwlrq
erxqg ri wkh fruuhvsrqglqj hpslulfdo hvwlpdwh uhsruwhg lq FOP1 Dffruglqj wr wkh uhvxowv lq EFI +wkhlu
W d e o h4 d , /w k hV k d u s hu d w l ri r udv w d q g d u gu h d oe x v l q h v vf | f o hp r g h ol v3 =3334= Wkh uhvxowv lq Wdeoh
4 lqglfdwh wkdw wkh nh| ihdwxuhv ri rxu prgho wkdw dffrxqw iru lwv uhodwlyho| jrrg shuirupdqfh rq wkh
Vkdush udwlr duh kdelw shuvlvwhqfh lq suhihuhqfhv dqg olplwhg oderu prelolw|1
9151 Exvlqhvv F|fohv
Zh qrz wxuq wr wkh exvlqhvv f|foh lpsolfdwlrqv ri rxu prgho1 Zh uvw glvfxvv wkh lpsolfdwlrqv iru wkh
phdvxuhv ri yrodwlolw| dqg fruuhodwlrq wkdw duh w|slfdoo| frqvlghuhg lq wkh exvlqhvv f|foh olwhudwxuh1 Zh
wkhq wxuq wr ihdwxuhv ri exvlqhvv f|fohv zklfk kdyh dwwudfwhg uhodwlyho| ohvv dwwhqwlrq= exvlqhvv f|foh
frpryhphqw/ dqg wkh lqyhuwhg ohdglqj lqglfdwru surshuw| ri lqwhuhvw udwhv1
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54915141 Vwdqgdug Exvlqhvv F|foh Vwdwlvwlfv
Wdeoh 5 suhvhqwv wkh lpsolfdwlrqv ri rxu prgho iru vwdqgdug exvlqhvv f|foh vwdwlvwlfv1 Wkh irupdw ri
wkdw wdeoh fruuhvsrqgv wr wkdw ri Wdeoh 41 Wkh uhvxowv lq wkh cGdwd* froxpq duh edvhg rq gdwd iurp wkh
QLSD/ zklfk duh frpsxwhg xvlqj edvh |hdu sulfhv1 Wr sxw rxu vlpxodwhg rxwsxw dqg lqyhvwphqw gdwd
rq d frpsdudeoh edvlv/ zh phdvxuh wkhp lq edvh |hdu sulfhv wrr1 Wkh edvh |hdu lq rxu vlpxodwlrqv
lv wkh lqlwldo revhuydwlrq/ zkhq wkh vwdwh ri lqyhvwphqw0vshflf whfkqrorj|/ Y|> lv vhw wr xqlw|/ dqg wkh
prgho lv dvvxphg wr eh rq d vwhdg| vwdwh jurzwk sdwk/ vr wkdw wkh uhodwlyh sulfh ri lqyhvwphqw jrrgv
lv rqh1 Wkxv/ edvh |hdu rxwsxw lq wkh prgho lv wkh vlpsoh vxp ri wkh sk|vlfdo txdqwlw| ri frqvxpswlrq
dqg lqyhvwphqw jrrgv surgxfhg1 Vlploduo|/ edvh |hdu lqyhvwphqw lv wkh txdqwlw| ri lqyhvwphqw jrrgv1e￿
915151 Vwdqgdug Exvlqhvv F|foh Vwdwlvwlfv
Djjuhjdwh Rxwsxw
Lqwhuhvwlqjo|/ wkh prgho*v ryhudoo yrodwlolw| lpsolfdwlrq lv txlwh forvh wr zkdw zh revhuyh lq wkh
gdwd +frpsduh t lq wkh cGdwd* dqg cFdoleudwhg* froxpqv,1 Wklv uhsuhvhqwv d qrwdeoh frqupdwlrq iru
wkh prgho/ vlqfh wkh ryhudoo yrodwlolw| ri rxwsxw sod|v qr uroh lq wkh prgho fdoleudwlrq1 Wkh uhvxowv
vxjjhvw wkdw wkh lqyhvwphqw0vshflf vkrfn lv wkh prvw lpsruwdqw vrxufh ri lpsxovhv wr wkh exvlqhvv f|foh
xfwxdwlrqv lq rxwsxw1 Zkhq wkh djjuhjdwh vkrfn yduldqfh lv vkxw grzq +vhh wkh c0 @3 >#@3 =56*




Wkh uhpdlqlqj yduldqfh lv gxh wr wkh lqyhvwphqw0vshflf vkrfn1 Iljxuh 8D glvsod|v wkh g|qdplf
uhvsrqvh ixqfwlrq ri djjuhjdwh rxwsxw wr wkh wzr vkrfnv1
Frqvxpswlrq
D nh| vxffhvv ri vwdqgdug uhdo exvlqhvv f|foh prghov/ vkduhg e| EFI/ olhv lq wkhlu delolw| wr dffrxqw
iru wkh revhuyhg vprrwkqhvv ri frqvxpswlrq dqg uhodwlyh yrodwlolw| ri lqyhvwphqw1 Rxu prgho grhv zhoo
rq wklv glphqvlrq wrr1 Erwk vkrfnv sod| dq lpsruwdqw uroh lq wklv1 Iru h{dpsoh/ li wkh lqyhvwphqw0
vshflf vkrfn lv wrr vpdoo +c> @ 3*,/ wkhq wkh uhodwlyh yrodwlolw| ri frqvxpswlrq lv wrr kljk1 Li wkh
djjuhjdwh vkrfn lv wrr vpdoo/ wkhq wkh uhodwlyh yrodwlolw| ri frqvxpswlrq lv wrr orz +vhh c0 @3 >
# @3 =56*,1 Iljxuh 8E glvsod|v wkh uhvsrqvh ri frqvxpswlrq wr wkh wzr vkrfnv/ uhvshfwlyho|1 Qrwh wkdw/
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55ehfdxvh ri wkh olplwdwlrqv rq wkh lqwhuvhfwrudo prelolw| ri uhvrxufhv/ frqvxpswlrq uhvsrqgv lpphgldwho|
wr wkh djjuhjdwh vkrfn dqg vorzo| wr wkh lqyhvwphqw0vshflf vkrfn1 Wkh uhvsrqvh wr wkh uvw vkrfn
jhqhudwhv qhjdwlyh dxwrfruuhodwlrq lq frqvxpswlrq jurzwk +c> @ 3*,/ zkloh wkh uhvsrqvh wr wkh vhfrqg
jhqhudwhv srvlwlyh dxwrfruuhodwlrq +c0 @3 >#@3 =56*,1 Wkh qhw rxwfrph zlwk erwk vkrfnv lv qhjdwlyh/
dqg uhhfwv prvwo| wkh djjuhjdwh vkrfn1 Wklv lv ehfdxvh durxqg <; shufhqw ri wkh exvlqhvv f|foh
yduldwlrq lq frqvxpswlrq uhhfwv wkh djjuhjdwh vkrfn1
Wkh prgho*v qhjdwlyh dxwrfruuhodwlrq lq frqvxpswlrq jurzwk plvvhv wkh fruuhvsrqglqj hpslulfdo
hvwlpdwh/ zklfk lv srvlwlyh dqg vwdwlvwlfdoo| vljqlfdqw1e2 Zh zhuh frqfhuqhg wkdw wkh prgho*v delolw|
wr dffrxqw iru wkh htxlw| suhplxp zlwk orz ulvn dyhuvlrq pljkw eh dq duwlidfw ri wklv hpslulfdo vkruw0
frplqj1 Wr lqyhvwljdwh wklv/ zh fduulhg rxw wzr pruh h{shulphqwv1 Zh lqfuhdvhg wkh dxwrfruuhodwlrq
ri htxloleulxp frqvxpswlrq jurzwk wr }hur e| udlvlqj  wr 3=<< +vhh wkh froxpq pdunhg c @3 =<<>
# @3 =56*,= Wdeoh 4 vkrzv wkdw wklv uhgxfhv wkh htxlw| suhplxp dqg wkh ulvn iuhh udwh1 Krzhyhu/ wkhvh
qxpehuv duh vwloo zhoo zlwklq wkh 43( frqghqfh hoolsvh lq Iljxuh 61e￿ D ww k hv d p hw l p h /w k hs d u d p h w h u
fkdqjh fdxvhv hpsor|phqw lq wkh frqvxpswlrq vhfwru wr ehfrph frxqwhuf|folfdo1 Wdeoh 5 lqglfdwhv
wkdw wklv lv fruuhfwhg/ zlwkrxw vljqlfdqwo| kxuwlqj rwkhu lpsolfdwlrqv/ e| lqfuhdvlqj # +c @3 =<<>
# @3 =73*,1 Qrw vxusulvlqjo|/ wklv fkdqjh fxwv d olwwoh lqwr wkh prgho*v delolw| wr dffrxqw iru wkh f|folfdo
fruuhodwlrq ri vwrfn pdunhw dqg lqyhvwphqw jrrg sulfhv1 Krzhyhu/ wkhuh lv vwloo d vljq vzlwfk lq wkhvh
vwdwlvwlfv1 Zh frqfoxgh iurp wkhvh wzr h{shulphqwv wkdw wkh prgho*v delolw| wr dffrxqw iru wkh htxlw|
suhplxp zlwk orz ulvn dyhuvlrq lq frqvxpswlrq lv qrw dq duwlidfw ri frxqwhuidfwxdo lpsolfdwlrqv iru
frqvxpswlrq jurzwk1
Hpsor|phqw
Wkh prgho grhv srruo| rq wkh uhodwlyh yrodwlolw| ri hpsor|phqw1 Lq wkh gdwd/ krxuv zrunhg xfwxdwh
derxw dv pxfk/ lq shufhqw whupv/ dv rxwsxw1 Krzhyhu/ wkh fdoleudwhg prgho lpsolhv wkdw krxuv zrunhg
xfwxdwh d olwwoh ryhu 43 shufhqw dv pxfk dv rxwsxw1
Wkh orz yrodwlolw| ri oderu uhhfwv lq sduw wkh kljk ghjuhh ri shuvlvwhqfh lq wkh vkrfnv1 Wklv zrunv
e| uhgxflqj wkh prwlyh wr lqwhuwhpsrudoo| vxevwlwxwh ohlvxuh lq uhvsrqvh wr vkrfnv1 Iru h{dpsoh/ zkhq
wkh shuvlvwhqfh ri wkh djjuhjdwh vkrfn lv lqfuhdvhg +c @3 =<<>#@3 =56*,/ wkh uhodwlyh yrodwlolw| ri
krxuv zrunhg gursv wr qhduo| }hur1 Zkhq wkh kljko| shuvlvwhqw lqyhvwphqw0vshflf vkrfn lv holplqdwhg/
uhodwlyh krxuv yrodwlolw| mxpsv e| 83 shufhqw +c> @ 3*,1
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56Wkh orz ghjuhh ri yrodwlolw| dovr uhhfwv/ lq sduw/ wkh ydulrxv w|shv ri dgmxvwphqw frvwv lq wkh prgho1
Zkhq wkh dgmxvwphqw frvwv lq lqvwdoolqj qhz fdslwdo duh uhgxfhg +c# @3 =<*,/ uhodwlyh krxuv yrodwlolw|
mxpsv e| d idfwru ri irxu1 Zkhq wkh olplwhg oderu prelolw| dvvxpswlrq lv uhpryhg +cIxoo Oderu*,/
uhodwlyh yrodwlolw| grxeohv1
Rqh lqwhusuhwdwlrq ri wkhvh qglqjv lv wkdw wkh| zduudqw uhmhfwlqj d edvlf wkhvlv ri wklv sdshu= wkdw
dgmxvwphqw frvwv sod| d uroh lq dffrxqwlqj iru wkh glhuhqw f|folfdo ehkdylru lq lqyhvwphqw jrrg dqg
vwrfn pdunhw sulfhv1 Dq lqwhusuhwdwlrq zh qg pruh dsshdolqj lv wkdw wkh| uhhfw plvvshflfdwlrq ri
vrph rwkhu dvshfw ri wkh prgho1 Iru h{dpsoh/ lw zrxog eh ri lqwhuhvw wr h{soruh vshflfdwlrqv zlwk
ohvv shuvlvwhqfh lq wkh h{rjhqrxv vkrfnv1 Dqrwkhu surplvlqj dyhqxh zrxog eh wr h{soruh dowhuqdwlyh
vshflfdwlrqv ri dvshfwv ri wkh oderu pdunhw1 Iru h{dpsoh/ Pruwhqvhq +4<<5, frqmhfwxuhv wkdw dq
lpsruwdqw uhdvrq iru wkh kljk revhuyhg yrodwlolw| ri hpsor|phqw lv wkdw vhdufk dfwlylwlhv duh yhu|
vhqvlwlyh wr fkdqjlqj oderu pdunhw frqglwlrqv1ee Doh{rsrxorv +4<<;, vkrzv wkdw lqfhqwlyhv wr vklun
zkhq wkhuh lv dv|pphwulf lqirupdwlrq lq wkh oderu pdunhw fdq jlyh ulvh wr vxevwdqwldo f|folfdo oderu
yrodwlolw|1 Ilqdoo|/ Uxshuw/ Urjhuvrq dqg Zuljkw +4<<:, dujxh wkdw krph surgxfwlrq frqvlghudwlrqv
fdq jr d orqj zd| wr dffrxqwlqj iru revhuyhg oderu yrodwlolw|1 H{sorulqj wkhvh srvvlelolwlhv zrxog eh ri
lqwhuhvw/ exw lv eh|rqg wkh vfrsh ri wklv sdshu1
Shuvlvwhqfh
Pdfurhfrqrplvwv kdyh iru d orqj wlph vrxjkw wr lghqwli| idfwruv zklfk sursdjdwh wkh hhfwv ri
hfrqrplf vkrfnv ryhu wlph1 Vwdqgdug uhdo exvlqhvv f|foh prghov gr srruo| rq wklv glphqvlrq1 Iru
h{dpsoh/ lw lv nqrzq wkdw wkh shuvlvwhqfh ri htxloleulxp rxwsxw jurzwk lq wkhvh prghov forvho| pdwfkhv
wkh shuvlvwhqfh surshuwlhv ri wkh xqghuo|lqj hfrqrplf vkrfnv +vhh Fkulvwldqr +4<;;,/ Frjoh| dqg Qdvrq
+4<<8, dqg Zdwvrq +4<<6,,1 Rqh lqglfdwru wkdw rxu fdoleudwhg prgho lqwurgxfhv shuvlvwhqfh lv wkdw lwv
lpsolhg jurzwk udwh ri wkh Vrorz uhvlgxdo kdv dxwrfruuhodwlrq 3=39> zkloh htxloleulxp rxwsxw jurzwk
kdv dxwrfruuhodwlrq 3=35 +vhh Wdeoh 5,1eD
Lw lv lqwhuhvwlqj wr qrwh krz fxuydwxuh lq dgmxvwphqw frvwv gdpshqv wkh prgho*v lqwhuqdo sursdjd0
wlrq phfkdqlvp1 Wkxv/ zkhq fxuydwxuh lv hvvhqwldoo| holplqdwhg +c# @3 =<*,/ wkhq rxwsxw shuvlvwhqfh
mxpsv qrwlfhdeo|/ wr 3=65= Dqrwkhu edg hpslulfdo lpsolfdwlrq ri wkh rqh0vkrfn k|srwkhvlv +c0 @3 >
# @ 3=478*, lv wkdw wkh lqfuhdvhg fxuydwxuh fxwv vljqlfdqwo| lqwr wkh prgho*v delolw| wr jhqhudwh
shuvlvwhqfh1
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57Fdpsehoo dqg Pdqnlz +4<;</4<<4, dqg Fkulvwldqr +4<;<, dujxh wkdw vwdqgdug uhdo exvlqhvv f|foh
prghov dovr idlo wr dffrxqw iru dqrwkhu irup ri shuvlvwhqfh/ qdpho|/ wkdw wkh iruhfdvwdeoh frpsrqhqw lq
frqvxpswlrq jurzwk lv uhodwhg wr wkh iruhfdvwdeoh frpsrqhqw lq lqfrph jurzwk1 EFI vkrz wkdw wkhlu
prgho lv deoh wr dffrxqw iru wklv revhuydwlrq1 Wkh prgho lq wklv sdshu shuirupv derxw dv zhoo dv EFI
rq wklv glphqvlrq1 Wr vdyh vsdfh/ zh gr qrw suhvhqw wkhvh uhvxowv khuh1
915161 Frpryhphqw
Lw kdv ehhq h{whqvlyho| grfxphqwhg wkdw hpsor|phqw dqg lqyhvwphqw pryh xs dqg grzq wrjhwkhu
dfurvv hfrqrplf vhfwruv/ vr wkhuh lv qr qhhg wr uhshdw wklv khuh1eS Vhfwlrq 7 h{sodlqv krz olplwhg
oderu prelolw| dqg kdelw shuvlvwhqfh khos rxu prgho surgxfh frpryhphqw1 Wdeoh 6 grfxphqwv wkdw
wkh prgho surgxfhv yhu| vwurqj frpryhphqw ryhu wkh f|foh lq vhfwrudo hpsor|phqw dqg lqyhvwphqw1
Lq dgglwlrq/ lw vkrzv wkdw kdelw shuvlvwhqfh dqg olplwhg oderu prelolw| duh qhfhvvdu| iru rxu prgho wr
surgxfh frpryhphqw1 Zlwkrxw hlwkhu ri wkhvh +vhh wkh cIxoo Oderu* dqg ce @ 3* froxpqv, hpsor|phqw lq
wkh frqvxpswlrq vhfwru lv frxqwhuf|folfdo1 Iljxuhv 8H08K grfxphqw wkh g|qdplf uhvsrqvh ri vhfwrudo
lqyhvwphqw dqg krxuv zrunhg wr wkh wzr vkrfnv1 Zlwk rqh h{fhswlrq/ hpsor|phqw lq erwk vhfwruv
uhvsrqg srvlwlyho| wr hdfk vkrfn1 Wkh h{fhswlrq lv krxuv zrunhg lq wkh frqvxpswlrq vhfwru/ zklfk grhv
qrw uhvsrqg wr dq lqyhvwphqw0vshflf vkrfn1 Qrwh wkdw wkh lqyhvwphqw uhvsrqvh lq wkh wzr vhfwruv lv
yhu| vlplodu/ zlwk wkh uhvsrqvh lq wkh lqyhvwphqw jrrg vhfwru ehlqj voljkwo| vwurqjhu1
915171 Lqyhuwhg Ohdglqj Lqglfdwruv
Khuh/ zh frqvlghu wkh lpsolfdwlrqv ri rxu prgho iru wkh lqyhuwhg ohdglqj lqglfdwru uroh ri uhdo dqg
qrplqdo udwhv ri lqwhuhvw1 Zh ehjlq zlwk wkh uhdo udwh ri lqwhuhvw/ zklfk zh dssur{lpdwh lq wkh gdwd
e| wkh h{ srvw uhdo uhwxuq1
Uhdo Lqwhuhvw Udwhv
Wkh gdwd froxpq lq Wdeoh 7 glvsod|v wkh uhvxowv iru wkh XV1e. Lw vkrzv wkh g|qdplf furvv fruuhodwlrq
ehwzhhq wkh KS0owhuhg h{ srvw uhdo uhwxuq rq wkh Ihghudo Ixqgv udwh dqg orjjhg/ KS0owhuhg djjuhjdwh
rxwsxw1 Wkh fruuhodwlrq ehwzhhq wkh lqwhuhvw udwh dqg ixwxuh rxwsxw lv qhjdwlyh/ zkloh wkh fruuhodwlrq
ehwzhhq wkh lqwhuhvw udwh dqg sdvw rxwsxw lv srvlwlyh1 Rxu fdoleudwhg prgho uhsurgxfhv wklv sdwwhuq/
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58dqg wkh uhvxowv lq wkh wdeoh vkhg oljkw rq zk| wklv lv vr1 Qrwh uvw wkdw wkh g|qdplf fruuhodwlrq
sulpdulo| uhhfwv wkh hhfwv ri wkh djjuhjdwh vkrfn1 Zkhq wkh lqyhvwphqw0vshflf vkrfn lv vkxw grzq
+c> @ 3*,/ wkh fruuhodwlrqv duh txdolwdwlyho| xqdhfwhg1 Zkhq wkh djjuhjdwh vkrfn lv vkxw grzq
+c0 @3 ># @3 =56*,/ wkh uhvxow lv jrqh1 Qrwh/ wrr/ wkdw kdelw shuvlvwhqfh sod|v rqo| d vpdoo uroh lq
wklv uhvxow1 Zkhq lw lv holplqdwhg/ wkh lqyhuwhg ohdglqj lqglfdwru surshuw| ri lqwhuhvw udwhv frqwlqxhv
wr krog +ce @ 3*,/ dowkrxjk lw lv ohvv surqrxqfhg1
Dq lpsruwdqw idfwru xqghuo|lqj wkh prgho uhvxow lv lwv lpsolfdwlrq wkdw d srvlwlyh uhdol}dwlrq ri wkh
djjuhjdwh vkrfn fdxvhv frqvxpswlrq wr cryhuvkrrw*= lw vkliwv xs txlfno| dqg wkhq ghfolqhv edfn wr wuhqg
ryhu wlph +Iljxuh 8E,1 Wkh uhgxfwlrq lq h{shfwhg frqvxpswlrq jurzwk wuljjhuhg e| d srvlwlyh uhdol}dwlrq
ri wkh djjuhjdwh vkrfn lv wkh uhdvrq zk| wkh udwh ri lqwhuhvw mxpsv1 Wkhvh frqvlghudwlrqv dorqh lpso|
d vwurqjo| frxqwhuidfwxdo qhjdwlyh dxwrfruuhodwlrq lq frqvxpswlrq jurzwk +frpsduh wkh c> @3 *d q g
wkh cGdwd* froxpqv ri Wdeoh 5,1 Krzhyhu/ htxloleulxp frqvxpswlrq jurzwk lq rxu fdoleudwhg prgho
lv qrw dv qhjdwlyh dv wkh djjuhjdwh vkrfn dorqh vxjjhvwv/ ehfdxvh ri wkh hhfwv ri wkh lqyhvwphqw
vshflf vkrfn +vhh Iljxuh 8E,1 Vwloo/ dv qrwhg deryh/ wkh fdoleudwhg prgho grhv lpso| d odujh qhjdwlyh
dxwrfruuhodwlrq lq htxloleulxp frqvxpswlrq jurzwk +vhh cFdoleudwhg* froxpq lq Wdeoh 5,1 Wr yhuli| wkdw
wklv frxqwhuidfwxdo lpsolfdwlrq lv qrw dw wkh khduw ri wkh prgho*v delolw| wr dffrxqw iru wkh lqyhuwhg
ohdglqj lqglfdwru skhqrphqrq/ frqvlghu wkh uhvxowv lq wkh Wdeoh 5 froxpq pdunhg c @3 =<<>#@3 =73*1
Xqghu wklv sdudphwhul}dwlrq ri wkh prgho/ htxloleulxp frqvxpswlrq jurzwk lv dssur{lpdwho| d udqgrp
zdon/ dqg |hw wkh prgho*v lqyhuwhg ohdglqj lqglfdwru surshuw| lv suhvhuyhg1
Lqwhuhvwlqjo|/ frqvxpswlrq ryhuvkrrwlqj lv qrw d ihdwxuh ri vwdqgdug exvlqhvv f|foh prghov1 Iru
h{dpsoh/ zh vlpxodwhg d yhuvlrq ri wkh prgho lq zklfk e @3 >#@4 > wkh lqyhvwphqw0vshflf vkrfn/
Y|> lv {hg dw xqlw|/ dqg fdslwdo dqg oderu duh iuhho| wudqvihuudeoh dfurvv vhfwruv1 Wklv lv hvvhqwldoo|
wkh prgho vwxglhg lq Kdqvhq +4<;8,1 Wklv prgho lpsolhv d kxps0vkdshg frqvxpswlrq uhvsrqvh wr dq
djjuhjdwh vkrfn= wkh lqlwldo ulvh lq frqvxpswlrq lv iroorzhg e| ixuwkhu lqfuhdvhv ehiruh frqvxpswlrq
frqyhujhv edfn grzq wr vwhdg| vwdwh1 Dv d frqvhtxhqfh/ wklv yhuvlrq ri wkh prgho lv qrw fdsdeoh ri
uhsurgxflqj wkh lqyhuwhg ohdglqj lqglfdwru surshuw| ri uhdo lqwhuhvw udwhv1eH Nlqj dqg Zdwvrq +4<<9,
uhsruw d vlplodu qglqj iru d uhdo exvlqhvv f|foh prgho lq zklfk wkh uvw glhuhqfh ri | kdv wkh uvw
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59rughu dxwruhjuhvvlyh uhsuhvhqwdwlrq lq +616,1eb
D frqyhqwlrqdo lqwhusuhwdwlrq ri wkh ohdglqj lqglfdwru uroh ri lqwhuhvw udwhv lv wkdw lw uhhfwv wkh
g|qdplf hfrqrplf hhfwv ri glvwxuedqfhv wr prqhwdu| srolf|1 Wkh srsxodulw| ri wklv lqwhusuhwdwlrq lv
lq sduw gxh wr wkh idfw wkdw vwdqgdug uhdo exvlqhvv f|foh prghov fdqqrw dffrxqw iru lw1 Lq dgglwlrq/
vhyhudo dxwkruv kdyh dujxhg wkdw d prqhwdu| prgho zlwk d vwurqj oltxlglw| hhfw frxog lq sulqflsoh
dffrxqw iru wkh lqyhuwhg ohdglqj lqglfdwru skhqrphqrq1Df Wkh prqhwdu| lqwhusuhwdwlrq ri wkh lqyhuwhg
ohdglqj lqglfdwru uhvxow vhhpv wr eh uhlqirufhg e| wkh idfw wkdw lw lv dovr d fkdudfwhulvwlf ri wkh qrplqdo
udwh ri lqwhuhvw/ d udwh ri uhwxuq wkdw lv zlgho| eholhyhg wr eh ghwhuplqhg e| wkh dfwlrqv ri wkh Ihghudo
Uhvhuyh1
Qrplqdo Lqwhuhvw Udwhv
Wr lqyhvwljdwh wkh frpsdwlelolw| ri rxu prgho zlwk wkh lqyhuwhg ohdglqj lqglfdwru uroh ri qrplqdo
lqwhuhvw udwhv/ zh kdyh wr prqhwl}h lw1 Zh gr wklv lq d zd| wkdw suhvhuyhv wkh vslulw ri wkh prgho/
qdpho|/ e| lpsrvlqj dq h{wuhph irup ri prqhwdu| qhxwudolw|1 Iroorzlqj wkh vwudwhj| lq Nlqj dqg
Zdwvrq +4<<9,/ zh dvvxph wkdw uhdo yduldeohv duh wkh rxwfrph ri wkh sodqqlqj sureohp ri wklv sdshu/
zkloh qrplqdo yduldeohv duh ghwhuplqhg vhsdudwho| e| d vwdqgdug prqh| ghpdqg htxdwlrq/ d Ilvkhu
uhodwlrq/ dqg d vshflfdwlrq iru wkh prqh| vxsso|1 Wr dffrpprgdwh wkh revhuyhg surf|olfdo qdwxuh ri
prqh|/ zh vshfli| wkdw wkh prqh| vxsso| uhvsrqgv srvlwlyho| wr wkh fxuuhqw dqg sdvw ydoxhv ri wkh wzr
vkrfnv1D￿
Zh irxqg wkdw wkh prgho uhsolfdwhv nh| ihdwxuhv ri wkh g|qdplf furvv fruuhodwlrq ehwzhhq wkh
qrplqdo udwh ri lqwhuhvw udwh/ prqh|/ dqg sulfhv rq rqh kdqg/ dqg rxwsxw rq wkh rwkhu kdqg1 Wr vhh
wklv/ frqvlghu wkh uhvxowv lq Wdeoh 8/ zklfk h{klelwv wkh f|folfdo fruuhodwlrq ehwzhhq wkhvh yduldeohv1 Qrwh
uvw krz wkh qrplqdo Ihghudo Ixqgv udwh glvsod|v wkh lqyhuwhg ohdglqj lqglfdwru surshuw|1 Dowkrxjk
lw lv srvlwlyho| fruuhodwhg frqwhpsrudqhrxvo| zlwk rxwsxw/ lw lv qhjdwlyho| fruuhodwhg zlwk rxwsxw wzr
txduwhuv odwhu1 Zkloh wkh prgho plvvhv rq wkh uvw ri wkhvh revhuydwlrqv/ lw lv frqvlvwhqw zlwk wkh idfw
ebAi 4L_i* Lu ht|@?L @?_ AL__ EbbS _Lit }i?ih@|i UL?t4T|L? LihtLL|?} W| L*_ Mi ?|ihit|?} |L i T*Lhi
|i ?ih|i_ *i@_?} ?_U@|Lh 4T*U@|L?t Lu |@| 4L_i*
Df5iic uLh i @4T*ic @hc ht|@?L @?_ ,Ui?M@4 EbbD OLiihc |iti @|Lht @?_ k?} @?_ `@|tL? EbbS
tL |@| i@h*) ihtL?t Lu |i *^_|) igiU|t 4L?i|@h) 4L_i* u@* |L hiThL_Ui |i ?ih|i_ *i@_?} ?_U@|Lh Ti
?L4i?L? Lhi hiUi?|*)c ht|@?L @?_ Bt| EbbH _tT*@) @ ihtL? Lu tU @ 4L_i* |@| t UL?tt|i?| | |t
Ti?L4i?L?
D￿`i tTiUu) |i uL**L?} 4L?i) _i4@?_ i^@|L?G | ' | n *L}E| 3 6--|c ihi | t |i *L} Lu |i 4L?i)
t|LU!c | t |i *L} Lu |i ThUi *ii*c -| t |i ?L4?@* h@|i Lu ?|ihit| E^@h|ih*) h@|ic @?_ 6- t |i 4L?i) _i4@?_
i*@t|U|) 6L**L?} k?} @?_ `@|tL? EbbSc i ti| 6- 'f f W? @__|L?c i tTiUu) |@| |i ?L4?@* ?|ihit| h@|i t
_i|ih4?i_ @UULh_?} |L |i 6tih hi*@|L?c n-| ' o
s
| n.| *L}E|n￿3*L}E|c ihi .| t |i UL?_|L?@* i TiU|@|L?
LTih@|Lh 6?@**)c i tTiUu) |@| |i 4L?i) tTT*) @t |i uLh4c | ' kEud0| n >|oc | kEu'f f*E3fHu `i
tL*i_ uLh |i ThUi *ii*c |i h@|i Lu ?@|L? @?_ |i ?L4?@* h@|i Lu ?|ihit| t?} |i @TThL@U ti_ M) 5@h}i?| Eb.b
|L tL*i |i @}@? 4L_i* Lu 4L?i)
5:wkdw wkh qrplqdo udwh ri lqwhuhvw lv qhjdwlyho| fruuhodwhg zlwk ixwxuh rxwsxw1
Wxuqlqj wr wkh prqh| vxsso|/ qrwh wkdw lq erwk wkh prgho dqg wkh gdwd/ lw frydulhv srvlwlyho| zlwk
rxwsxw1 Wkh prgho lv dovr frqvlvwhqw zlwk wkh qhjdwlyh f|folfdo fruuhodwlrq ehwzhhq rxwsxw dqg wkh
sulfh ohyho1 Lw lv hyhq/ wr vrph h{whqw/ frqvlvwhqw zlwk wkh srvlwlyh fruuhodwlrq wkdw h{lvwv ehwzhhq
rxwsxw dqg lqdwlrq1 Wklv vljq vzlwfk ehwzhhq wkh sulfh0rxwsxw dqg lqdwlrq0rxwsxw fruuhodwlrq kdv
ehhq lqwhusuhwhg e| vrph dv vxssruw iru d vwlfn| sulfh prgho +vhh/ h1j1/ Edoo dqg Pdqnlz +4<<7,1,
Lqwhuhvwlqjo|/ khuh zh dffrxqw iru wklv lq d h{leoh sulfh prgho1
Wkhvh uhvxowv vxjjhvw dq lqwuljxlqj srvvlelolw|1 Hylghqfh flwhg lq vxssruw ri wkh qrwlrq wkdw prq0
hwdu| srolf| vkrfnv sod| d vljqlfdqw uroh lq exvlqhvv f|fohv pd|/ dw ohdvw wr vrph h{whqw/ uhhfw wkh
hhfwv ri uhdo hfrqrplf vkrfnv ruljlqdwlqj lq wkh sulydwh hfrqrp|1D2 Iru h{dpsoh/ hvwlpdwhg ruwkrjr0
qdol}hg lqwhuhvw udwh vkrfnv duh w|slfdoo| lqwhusuhwhg dv lvrodwlqj vkrfnv wr prqhwdu| srolf|1 Wkh| pd|
lq idfw dovr lqfoxgh d vkrfn olnh rxu djjuhjdwh whfkqrorj| vkrfn1 Wkdw lv ehfdxvh zkdw kdsshqv diwhu
d edg uhdol}dwlrq ri wkh djjuhjdwh whfkqrorj| vkrfn lq rxu prgho lv vlplodu wr zkdw kdsshqv diwhu d
srvlwlyh ruwkrjrqdol}hg lqwhuhvw udwh vkrfn lq wkh yhfwru dxwruhjuhvvlrq +YDU, olwhudwxuh +iru d vxuyh|/
vhh Fkulvwldqr/ Hlfkhqedxp dqg Hydqv +4<<;,1, Wkh edg whfkqrorj| vkrfn vljqdov orz rxwsxw lq wkh
ixwxuh/ d kljk fxuuhqw lqwhuhvw udwh +zkhwkhu qrplqdo ru uhdo,/ dqg d whpsrudulo| kljk sulfh ohyho1
Wkh qrwlrq wkdw hvwlpdwhg ruwkrjrqdol}hg lqwhuhvw udwh vkrfnv lq wkh YDU olwhudwxuh duh glvwruwhg
e| d uhdo vkrfn kdv vrph dsshdo ehfdxvh lw frxog khos uhvroyh wzr sx}}ohv1 Iluvw/ wkh idfw wkdw wkhuh lv
d wudqvlhqw ulvh lq wkh sulfh ohyho diwhu d edg djjuhjdwh vkrfn vxjjhvwv wkdw rxu prgho pd| khos dffrxqw
iru wkh vr0fdoohg csulfh sx}}oh* dqdo|}hg lq wkh YDU olwhudwxuh1 Wklv lv wkh whqghqf| iru sulfhv wr ulvh
iru d zkloh diwhu d srvlwlyh lqwhuhvw udwh vkrfn/ vrphwklqj wkdw lv kdug wr uhfrqfloh zlwk wkh qrwlrq wkdw
dq ruwkrjrqdol}hg mxps lq wkh lqwhuhvw udwh uhhfwv d prqhwdu| srolf| wljkwhqlqj1 Vhfrqg/ Fkulvwldqr/
Hlfkhqedxp dqg Hydqv +4<<;, grfxphqw wkdw hyhq wkrxjk glhuhqw hpslulfdo phdvxuhv ri prqhwdu|
srolf| vkrfnv whqg wr kdyh d yhu| orz fruuhodwlrq/ wkh| qhyhuwkhohvv whqg wr kdyh vlplodu lpsolfdwlrqv
iru zkdw kdsshqv diwhu d cprqhwdu|* srolf| vkrfn1 Wkh| frqmhfwxuh wkdw wklv uhhfwv wkdw wkh glhuhqw
phdvxuhv frqirxqg/ lq ydulrxv ghjuhhv/ vrph rwkhu vkrfn zklfk kdv d vlplodu g|qdplf lpsdfw rq wkh
hfrqrp|1 Wkh djjuhjdwh whfkqrorj| vkrfn lq wklv sdshu frxog eh wkdw vkrfn1
. L?U*_?} +i4@h!t
Zh xvhg wkh exvlqhvv f|foh surshuwlhv ri vwrfn pdunhw sulfhv dqg lqyhvwphqw jrrg sulfhv wr gudz
lqihuhqfhv derxw wkh vrxufh ri exvlqhvv f|foh vkrfnv dqg wkh qdwxuh ri fdslwdo lqvwdoodwlrq frvwv1 Zh
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5;dfklhyhg lghqwlfdwlrq xvlqj dq h{solflwo| irupxodwhg prgho1
Dv lq Juhhqzrrg/ Khufrzlw} dqg Nuxvhoo +4<<:/ 4<<;,/ zh lqihu wkdw wkh frxqwhuf|folfdo qdwxuh ri
lqyhvwphqw jrrg sulfhv uhhfwv wkh hhfwv ri vxsso| vkrfnv lq wkh lqyhvwphqw vhfwru1D￿ Rxu dqdo|vlv
vxjjhvwv wkdw d vhfrqg vkrfn dovr sod|v d uroh lq wkh exvlqhvv f|foh1 Lq dgglwlrq/ zh lqwhusuhw wkh idfw
wkdw lqyhvwphqw jrrg dqg vwrfn pdunhw sulfhv ehkdyh glhuhqwo| dv uhhfwlqj wkh suhvhqfh ri frvwv iru
lqvwdoolqj qhz fdslwdo1
Wr whvw wkhvh lqihuhqfhv/ zh jr eh|rqg vlpso| frqvwuxfwlqj d prgho wkdw fdq dffrxqw txdqwlwdwlyho|
iru wkh revhuydwlrqv wkdw lqwhuhvw xv1 Zh dovr lqyhvwljdwh wkh prgho*v lpsolfdwlrqv iru exvlqhvv f|foh
dqg dvvhw sulflqj skhqrphqd1 Zh qg wkdw wkh prgho grhv qrw gr vljqlfdqwo| zruvh wkdq rwkhu
prghov rq wkhvh glphqvlrqv1 Lq vrph uhvshfwv/ wkh prgho dfwxdoo| uhsuhvhqwv d vwhs iruzdug1 Iru
h{dpsoh/ rq wkh exvlqhvv f|foh glphqvlrq/ wkh prgho frqwdlqv dq hqgrjhqrxv vrxufh ri sursdjdwlrq1 Lq
dgglwlrq/ wkh prgho lv frqvlvwhqw zlwk revhuydwlrqv rq wkh vhfwrudo frpryhphqw ri lqyhvwphqw/ rxwsxw
dqg hpsor|phqw1
Exw/ krz gr zh uhfrqfloh rxu uhdo exvlqhvv f|foh prgho zlwk wkh jurzlqj olwhudwxuh wkdw vxjjhvwv
wkdw dw ohdvw d vpdoo sduw ri exvlqhvv f|foh xfwxdwlrqv pd| eh gxh wr prqhwdu| srolf| vkrfnvB Rxu
prgho vxjjhvwv wkh srvvlelolw| wkdw vrph ri wkh hylghqfh ri d exvlqhvv f|foh uroh iru prqhwdu| srolf|
vkrfnv pd| dfwxdoo| uhhfw wkh hhfwv ri sulydwh vhfwru whfkqrorj| vkrfnv1 Zrunlqj wklv srvvlelolw| rxw
lq ghwdlo lv zhoo eh|rqg wkh vfrsh ri wklv sdshu/ exw lv fohduo| dq lpsruwdqw wrslf iru ixuwkhu uhvhdufk1
Dv lq dq| hpslulfdo uhvhdufk/ rxu prgho kdv vkruwfrplqjv1 Zh glg rxu ehvw wr gudz wkhvh rxw
dv fohduo| dv srvvleoh1 Rq wkh dvvhw sulflqj vlgh/ rxu prgho lqkhulwv wkh glfxowlhv wkdw EFI kdv lq
dffrxqwlqj iru wkh vhfrqg prphqw ri dvvhw uhwxuqv1 Rq wkh exvlqhvv f|foh vlgh/ rxu prgho kdv glfxowlhv
zlwk wkh oderu pdunhw1 Uhvroylqj wkhvh vkruwfrplqjv frqvwlwxwhv d wdvn iru ixwxuh uhvhdufk1
D￿*|ih?@|i ?|ihThi|@|L?t Lu |i ?i}@|i ULhhi*@|L? Mi|ii? ?it|4i?| ThUit @?_ L|T| @hi TLttM*i 6Lh i @4T*ic
hT)c 5*iuih @?_ Vt?) EbHb ?uih |@| |i Mt?itt U)U*i t _hi? M) @ tLU! |L |i _i4@?_ uLh ?it|4i?| }LL_tc
@?_ |@| |ihi @hi ?Uhi@t?} hi|h?t ? |i ThL_U|L? Lu ?it|4i?| }LL_t Ai i4ThU@* i_i?Ui tii4t |L }L @}@?t|
|t ?|ihThi|@|L?c Liih 6Lh i @4T*ic @*|L} O@hhtL? EbbH ThL_it tL4i i4ThU@* tTTLh| uLh |i ?L|L?
|@| |ihi @hi ?Uhi@t?} hi|h?t @ttLU@|i_ | U@T|@* @?_ *@MLh ? |i ThL_U|L? Lu ?it|4i?| }LL_tc |i _i}hii
Lu ?Uhi@t?} hi|h?t ti ?_t t ?L| tUi?| |L }i?ih@|i ?Uhi@t?} hi|h?t ? |i u@U|Lh Lu ThL_U|L?c *@MLhc |@| t
@h@M*i ? |i tLh| h? At t UL?tt|i?| | |i ?_?}t Lu BLL*tM) EbbH @?_ 5i@ Ebbc L ?_ |@| tTT*)
Uhit t*LTi T BLL*tM)<t @?@*)tt uLUtit tTiUU@**) L? |i tTT*) Lu U@T|@* }LL_t vi| @?L|ih TLttM*i ?|ihThi|@|L?
Lu UL?|ihU)*U@* ?it|4i?| }LL_ ThUit t |@| 4@h!Tt ? |i ?it|4i?| }LL_ ?_t|h) @hi UL?|ihU)U*U@* W| L*_
Mi Lu ?|ihit| |L ?it|}@|i |t )TL|itt uh|ih
5<Uhihuhqfhv
Deho/ Dqguhz/ 4<;3/ _Hpslulfdo lqyhvwphqw htxdwlrqv= Dq lqwhjudwlyh iudphzrun/% Fduqhjlh0Urfkhvwhu
Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ yro1 45/ ss1 6<~<41
Deho/ Dqguhz/ dqg Rolylhu Eodqfkdug/ 4<;9/ cWkh Suhvhqw Ydoxh ri Surwv dqg F|folfdo Pryhphqwv
lq Lqyhvwphqw/* Hfrqrphwulfd/ yro1 87/ qr1 5 Pdufk/ ss1 57<0:61
Doh{rsrxorv/ Plfkhooh/ 4<<;/ cPrqhwdu| Vkrfnv dqg Vklunlqj/* xqsxeolvkhg pdqxvfulsw/ ghsduwphqw
ri hfrqrplfv/ Qruwkzhvwhuq Xqlyhuvlw|1
Dqgroidwwr/ Gdylg/ 4<<9/ cExvlqhvv F|fohv dqg Oderu0Pdunhw Vhdufk/* Dphulfdq Hfrqrplf Uhylhz/
;9/ qr1 4 Pdufk/ ss1 4450651
Edoo/ Odxuhqfh dqg Q1 Juhjru| Pdqnlz/ 4<<7/ cD Vwlfn|0Sulfh Pdqlihvwr/* Fduqhjlh0Urfkhvwhu Frq0
ihuhqfh Vhulhv rq Sxeolf Srolf|/ yro1 74/ Ghfhpehu/ ss1 45:0841
Ed{whu/ Pduldqqh/ 4<<9/ cDuh Frqvxphu Gxudeohv Lpsruwdqw iru Exvlqhvv F|fohvB*/ Uhylhz ri Hfr0
qrplfv dqg Vwdwlvwlfv/ yro1:;/ qr1 4/ Iheuxdu|1
Ehqkdele/ Mhvv/ Ulfkdug Urjhuvrq/ dqg Udqgdoo Zuljkw/ 4<<4/ cKrphzrun lq pdfurhfrqrplfv= Krxvh0
krog surgxfwlrq dqg djjuhjdwh xfwxdwlrqv/* Mrxuqdo ri Srolwlfdo Hfrqrp|/ yro1 <</ ss1 4499~
44;:1
Ehqqlqjd/ Vlprq dqg Dulv Surwrsdsdgdnlv/ 4<<3/ cOhyhudjh/ wlph suhihuhqfh dqg wkh htxlw| suhplxp
sx}}oh/*Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro1 58/ ss1 7<~8;1
Erogulq/ Plfkhoh/ Odzuhqfh M1 Fkulvwldqr/ dqg Mrqdv G1P1 Ilvkhu/ 4<<8/ cDvvhw sulflqj ohvvrqv iru
prgholqj exvlqhvv f|fohv/* Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk zrunlqj sdshu 85951
Erogulq/ Plfkhoh/ Odzuhqfh M1 Fkulvwldqr/ dqg Mrqdv G1P1 Ilvkhu/ 4<<:/ cKdelw Shuvlvwhqfh dqg Dvvhw
Uhwxuqv lq dq H{fkdqjh Hfrqrp|/* Pdfurhfrqrplf G|qdplfv/ yro1 4/ qr1 51
Exuqv/ Duwkxu/ dqg Z1 F1 Plwfkhoo/ 4<79/ cPhdvxulqj Exvlqhvv F|fohv/ Vwxglhv lq Exvlqhvv F|fohv/*
Qr1 5/ Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk1
Fdpsehoo/ Mrkq \1/ dqg Mrkq K1 Frfkudqh/ 4<<8/ cE| irufh ri kdelw= D frqvxpswlrq0edvhg h{sodqdwlrq
ri djjuhjdwh vwrfn pdunhw ehkdylru/* Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk zrunlqj sdshu 7<<81
Fdpsehoo/ Mrkq/ dqg Q1 Juhjru| Pdqnlz/ 4<;</ cFrqvxpswlrq/ lqfrph/ dqg lqwhuhvw udwhv= uhlq0
whusuhwlqj wkh wlph vhulhv hylghqfh/* lq Eodqfkdug dqg Ilvfkhu/ hglwruv/ QEHU Pdfurhfrqrplfv
Dqqxdo 4<;<1
Fdpsehoo/ Mrkq/ dqg Q1 Juhjru| Pdqnlz/ 4<<4/ cWkh uhvsrqvh ri frqvxpswlrq wr lqfrph= d furvv0
frxqwu| lqyhvwljdwlrq/* Hxurshdq Hfrqrplf Uhylhz/ yro1 68/ ss1 :560:9:1
Fhffkhwwl/ Vwhskhq J1/ Srn0vdqj Odp/ dqg Qhovrq F1 Pdun/ 4<<6/ cWkh htxlw| suhplxp dqg wkh
ulvn~iuhh udwh= Pdwfklqj wkh prphqwv/* Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro1 64/ ss1 54~781
Fkdul/ Y1Y1/ Odzuhqfh M1 Fkulvwldqr dqg Pduwlq Hlfkhqedxp/ 4<<8/ cLqvlgh Prqh|/ Rxwvlgh Prqh|/
dqg Vkruw0Whup Lqwhuhvw Udwhv/* Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/ yro1 5:/ qr1 7/ sduw 5/
Qryhpehu/ ss1 4687047341
Fkulvwldqr/ Odzuhqfh M1/ 4<;;/ cZk| grhv lqyhqwru| lqyhvwphqw xfwxdwh vr pxfkB* Mrxuqdo ri Prq0
hwdu| Hfrqrplfv/ yro1 54/ ss1 57:~5;31
63Fkulvwldqr/ Odzuhqfh/ M1/ 4<;</ _Frpphqw rq cfrqvxpswlrq/ lqfrph/ dqg lqwhuhvw udwhv= Uhlqwhusuhw0
lqj wkh wlph vhulhv hylghqfh/*% lq Rolylhu Mhdq Eodqfkdug dqg Vwdqoh| Ilvfkhu/ hglwruv/ QEHU
Pdfurhfrqrplfv Dqqxdo 4<;</ ss1 549~5661
Fkulvwldqr/ Odzuhqfh M1/ 4<<;/ cVroylqj G|qdplf Htxloleulxp Prghov e| d Phwkrg ri Xqghwhuplqhg
Frhflhqwv*/ Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk Whfkqlfdo Zrunlqj Sdshu/ Mdqxdu|1
Fkulvwldqr/ Odzuhqfh M1/ dqg Pduwlq Hlfkhqedxp/ 4<<5/ cFxuuhqw uhdo0exvlqhvv0f|foh wkhrulhv dqg
djjuhjdwh oderu0pdunhw xfwxdwlrqv/* Dphulfdq Hfrqrplf Uhylhz/ yro1 ;5/ ss1 763~7831
Fkulvwldqr/ Odzuhqfh M1/ Pduwlq Hlfkhqedxp dqg Fkduohv Hydqv/ 4<<;/ cPrqhwdu| Srolf| Vkrfnv=
Zkdw Kdyh Zh Ohduqhg dqg wr Zkdw HqgB*/ Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk Zrunlqj
Sdshu qxpehu 97331
Fkulvwldqr/ Odzuhqfh M1/ Pduwlq Hlfkhqedxp dqg Gdylg Pduvkdoo/ 4<<4/ cWkh Shupdqhqw Lqfrph
K|srwkhvlv Uhylvlwhg/* Hfrqrphwulfd 8</ qr1 5/ Pdufk1
Fkulvwldqr/ Odzuhqfh M1 dqg Mrqdv G1 P1 Ilvkhu/ 4<<8/ cWrelq*v t dqg Dvvhw Uhwxuqv= Lpsolfdwlrqv
iru Exvlqhvv F|foh Dqdo|vlv/* QEHU zrunlqj sdshu 85<51
Fkulvwldqr/ Odzuhqfh M1 dqg Mrqdv G1 P1 Ilvkhu/ 4<<;/ cWhfkqlfdo Dsshqgl{ wr Vwrfn Pdunhw dqg
Lqyhvwphqw Jrrg Sulfhv= Lpsolfdwlrqv iru Pdfurhfrqrplfv*/ pdqxvfulsw1
Fkulvwldqr/ Odzuhqfh M1 dqg Fkulvwrskhu Jxvw/ 4<<;/ cLqwhuhvw Udwh Wdujhwlqj Uxohv/* pdqxvfulsw lq
suhsdudwlrq1
Fkulvwldqr/ Odzuhqfh M1 dqg Plfkdho Nrxsdulwvdv/ 4<<;/ cFrpryhphqw dqg Vhfwrudo Olqndjhv= Vrph
Hylghqfh/* pdqxvfulsw/ Ihghudo Uhvhuyh Edqn ri Fklfdjr1
Fkulvwldqr/ Odzuhqfh M1 dqg Ulfkdug Wrgg/ 4<<9/ cWlph wr sodq dqg djjuhjdwh xfwxdwlrqv/* Ihghudo
Uhvhuyh Edqn ri Plqqhdsrolv Txduwhuo| Uhylhz 53/ 47~5:1
Frfkudqh/ Mrkq/ 4<<4/ cSurgxfwlrq0Edvhg Dvvhw Sulflqj dqg wkh Olqn ehwzhhq Vwrfn Uhwxuqv dqg
Hfrqrplf Ioxfwxdwlrqv/* Mrxuqdo ri Ilqdqfh/ yro1 79/ qr1 4/ Pdufk/ ss1 53<06:1
Frjoh|/ Wlprwk|/ dqg Mdphv P1 Qdvrq/ 4<<8/ cRxwsxw G|qdplfv lq Uhdo0Exvlqhvv0F|foh Prghov/*
Dphulfdq Hfrqrplf Uhylhz/ ;8+6,/ Mxqh/ sdjhv 7<508441
Froh/ Kdo/ dqg Ulfkdug Urjhuvrq/ 4<<9/ cFdq wkh Pruwhqvhq0Slvvdulghv Pdwfklqj Prgho Pdwfk wkh
Exvlqhvv F|foh IdfwvB*/ Uhvhdufk Ghsduwphqw Vwd Uhsruw 557/ Ihghudo Uhvhuyh Edqn ri Plq0
qhdsrolv/ Ghfhpehu1
Frqvwdqwlqlghv/ Jhrujh/ 4<<3/ cKdelw irupdwlrq= D uhvroxwlrq ri wkh htxlw| suhplxp sx}}oh/* Mrxuqdo
ri Srolwlfdo Hfrqrp|/ yro1 <;/ ss1 84<~8751
Fxpplqv/ Mdvrq/ N1 D1 Kdvvhww dqg V1 G1 Rolqhu/ 4<<:/ cLqyhvwphqw Ehkdylru/ Revhuydeoh H{shfwdwlrqv
dqg Lqwhuqdo Ixqgv/* pdqxvfulsw/ Qhz \run Xqlyhuvlw|1
ghq Kddq/ Zrxwhu M1/ Jduh| Udph|/ dqg Mrho Zdwvrq/ 4<<:/ cMre Ghvwuxfwlrq dqg Sursdjdwlrq ri
Vkrfnv/* QEHU zrunlqj sdshu &95:81
Hehuo|/ Mdqlfh F1/ 4<<:/ cLqwhuqdwlrqdo Hylghqfh rq Lqyhvwphqw dqg Ixqgdphqwdov/* Hxurshdq Hfr0
qrplf Uhylhz/ yro1 74/ qr1 9/ Mxqh/ ss1 43880:;1
Hlqduvvrq/ Wru/ dqg Plowrq P1 Pdutxlv/ 4<<:/ cKrph surgxfwlrq zlwk hqgrjhqrxv jurzwk/* Mrxuqdo
ri Prqhwdu| Hfrqrplfv/ 6</ ss1 884089<1
64Hlvqhu/ Urehuw dqg Urehuw K1 Vwurw}/ 4<96/ cGhwhuplqdqwv ri Exvlqhvv Lqyhvwphqw/* lq Frpplvvlrq
rq Prqh| dqg Fuhglw Lpsdfwv ri Prqhwdu| Srolf|/ Hqjohzrrg Folv/ Qhz Mhuvh|= Suhqwlfh0Kdoo/
ss1 8<066:1
Ilrulwr/ Ulffdugr dqg Wu|skrq Nroolqw}dv/ 4<<7/ cVw|ol}hg Idfwv ri Exvlqhvv F|fohv lq wkh J: iurp d
Uhdo Exvlqhvv F|fohv Shuvshfwlyh/* Hxurshdq Hfrqrplf Uhylhz/ yro1 6;/ qr1 5/ ss1 56809<1
Ilvfkhu/ Vwdqoh|/ dqg Urehuw F1 Phuwrq/ 4<;7/ cPdfurhfrqrplfv dqg Ilqdqfh= Wkh Uroh ri wkh Vwrfn
Pdunhw/* lq Nduo Euxqqhu dqg Doodq K1 Phow}hu/ hgv1/ Hvvd|v Rq Pdfurhfrqrplf Lpsolfdwlrqv ri
Ilqdqfldo dqg Oderu Pdunhwv dqg Srolwlfdo Surfhvvhv/ Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq
Sxeolf Srolf|/ 54/ ss1 8:043;1
Jrrovehh/ Dxvwdq/ 4<<;/ cLqyhvwphqw Wd{ Lqfhqwlyhv/ Sulfhv/ dqg wkh Vxsso| ri Fdslwdo Jrrgv/* Txdu0
whuo| Mrxuqdo ri Hfrqrplfv/ yro1 446/ lvvxh 4/ ss1 454047;/ Iheuxdu|1
Juhhqzrrg/ Mhuhp|/ ]yl Khufrzlw}/ dqg Shu Nuxvhoo/ 4<<:/ cOrqj0Uxq Lpsolfdwlrqv ri Lqyhvwphqw0
Vshflf Whfkqrorjlfdo Fkdqjh/* Dphulfdq Hfrqrplf Uhylhz/ yro1 ;:/ qr1 6/ Mxqh/ ss1 67506951
Juhhqzrrg/ Mhuhp|/ ]yl Khufrzlw}/ dqg Shu Nuxvhoo/ 4<<;/ cWkh Uroh ri Lqyhvwphqw0Vshflf Whfkqr0
orjlfdo Fkdqjh lq wkh Exvlqhvv F|foh/* pdqxvfulsw/ Xqlyhuvlw| ri Urfkhvwhu/ Mdqxdu|1
Kdqvhq/ Jdu|/ 4<;8/ cLqglylvleoh oderu dqg wkh exvlqhvv f|foh/* Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro1
49/ ss1 63<~65:1
Kdqvhq/ Oduv Shwhu/ dqg Udyl Mdjdqqdwkdq/ 4<<4/ cLpsolfdwlrqv ri Vhfxulw| Pdunhw Gdwd iru Prghov
ri G|qdplf Hfrqrplfv/* Mrxuqdo ri Srolwlfdo Hfrqrp|/ ss1 55805951
Kduulvrq/ Vkdurq J1/ 4<<;/ Hylghqfh rq wkh hpslulfdo sodxvlelolw| ri h{whuqdolwlhv dqg lqghwhuplqdf|
lq d wzr vhfwru prgho/ xqsxeolvkhg pdqxvfulsw/ Eduqdug Froohjh/ Froxpeld Xqlyhuvlw|1
Kd|dvkl/ Ixplr/ 4<;5/ c Wrelq*v Pdujlqdo t dqg Dyhudjh t= D Qhrfodvvlfdo Lqwhusuhwdwlrq/* Hfrqr0
phwulfd/ yro1 83/ qr1 4/ Mdqxdu|/ ss1 5460571
Khdwrq/ Mrkq/ 4<<8/ cDq hpslulfdo lqyhvwljdwlrq ri dvvhw sulflqj zlwk whpsrudoo| ghshqghqw suhihuhqfh
vshflfdwlrqv/* Hfrqrphwulfd 96/ 9;4~:4:1
Krgulfn/ U1 M1 dqg H1 F1 Suhvfrww/ 4<<:/ cSrvwzdu XV exvlqhvv f|fohv= dq hpslulfdo lqyhvwljdwlrq*/
Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj 5</ 40491
Kruqvwhlq/ Dqguhdv/ dqg M1 Sudvfkqln/ 4<<:/ cLqwhuphgldwh Lqsxwv dqg Vhfwrudo Frpryhphqw lq wkh
Exvlqhvv F|foh/* Mrxuqdo ri Prqhwdu| Hfrqrplfv/ ss1 8:608<81
Kruydwk/ Plfkdho/ 4<<:/ cVhfwrudo Vkrfnv dqg Djjuhjdwh Ioxfwxdwlrqv*/ pdqxvfulsw1
Kxpdq/ Juhjru|/ dqg Pdun Z|qqh/ 4<<;/ cWkh Uroh ri Lqwudwhpsrudo Dgmxvwphqw Frvwv lq d Pxo0
wlvhfwru Hfrqrp|/* iruwkfrplqj/ Mrxuqdo ri Prqhwdu| Hfrqrplfv1
Nlqj/ Urehuw dqg Pdun Zdwvrq/ 4<<9/ cPrqh|/ Sulfhv/ Lqwhuhvw Udwhv dqg wkh Exvlqhvv F|foh/* Wkh
Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ yro1 O[[YLLL/ qr1 4/ ss1 680861
Orqj/ Mrkq/ dqg Fkduohv Sorvvhu/ 4<<6/ cUhdo Exvlqhvv F|fohv/* Mrxuqdo ri Srolwlfdo Hfrqrp|/ ss1
6<09<1
Oxfdv/ Urehuw H1/ Mu1/ 4<9:d/ cDgmxvwphqw Frvwv dqg wkh Wkhru| ri Vxsso|/* Mrxuqdo ri Srolwlfdo
Hfrqrp|/ :8/ ss1 65406671
65Oxfdv/ Urehuw H1/ Mu1/ 4<9:e/ cRswlpdo Lqyhvwphqw Srolf| dqg wkh Ioh{leoh Dffhohudwru/* Lqwhuqdwlrqdo
Hfrqrplf Uhylhz/ ;/ ss1 :;0;81
Oxfdv/ Urehuw H1/ Mu1/ 4<:;/ cDvvhw Sulfhv lq dq H{fkdqjh Hfrqrp|/* Hfrqrphwulfd/ 79= 475<047781
Oxfdv/ Urehuw H1/ Mu1/ 4<;4/ cXqghuvwdqglqj Exvlqhvv F|fohv/* lq U1H1 Oxfdv/ Mu1/ Vwxglhv lq Exvlqhvv0
F|foh Wkhru|/ Wkh PLW Suhvv/ uhsulqwhg iurp Vwdelol}dwlrq ri wkh Grphvwlf dqg Lqwhuqdwlrqdo
Hfrqrp|/ yro1 8 ri Fduqhjlh0Urfkhvwhu Vhulhv rq Sxeolf Srolf|/ hgv1/ Nduo Euxqqhu dqg Doodq K1
Phow}hu/ Dpvwhugdp= Qruwk0Kroodqg Sxeolvklqj Frpsdq|/ 4<::1
Oxfdv/ Urehuw H1/ Mu1/ dqg Hgzdug Suhvfrww/ 4<:4/ cLqyhvwphqw xqghu xqfhuwdlqw|/* Hfrqrphwulfd/ yro1
6</ ss1 98<~9;41
Pdvxolv/ Urqdog Z/ 4<;;/ Wkh ghew2htxlw| fkrlfh1 Fdpeulgjh/ PD= Edoolqjhu1
Phjqd/ Sdphod/ dqg Pdun Norfn/ 4<<6/ cWkh Lpsdfw rq Lqwdqjleoh Fdslwdo rq Wrelq*v t lq wkh
Vhplfrqgxfwru Lqgxvwu|/* Dphulfdq Hfrqrplf Uhylhz/ yro1 ;6/ qr1 5/ Pd|/ ss1 59809<1
Phu}/ Prqlnd/ 4<<8/ cVhdufk lq wkh Oderu Pdunhw dqg wkh Uhdo Exvlqhvv F|foh/* Mrxuqdo ri Prqhwdu|
Hfrqrplfv/ 69 qr1 5/ ss1 59<06331
Pruwhqvhq/ Gdoh/ 4<<5/ cHtxloleulr gh Exvtxhgd | Flforv Hfrqrplfrv Uhdohv/* Fxdghuqrv Hfrqrplfrv/
Qxphur 841
Pxusk|/ Nhylq P1/ Dqguhl Vkohlihu/ dqg Urehuw Z1 Ylvkq|/ 4<;</ cExloglqj eorfnv ri pdunhw fohdulqj
exvlqhvv f|foh prghov/* QEHU Pdfurhfrqrplfv Dqqxdo 4<;</ hglwhg e| Rolylhu M1 Eodqfkdug dqg
Vwdqoh| Ilvfkhu/ PLW Suhvv1
Urjhuvrq/ Ulfkdug/ 4<;;/ cLqglylvleoh oderu/ orwwhulhv dqg htxloleulxp/* Mrxuqdo ri Prqhwdu| Hfrqrplfv/
yro1 54/ ss1 6~491
Uxshuw/ Shwhu/ Ulfkdug Urjhuvrq dqg Udqgdoo Zuljkw/ 4<<:/ cRq wkh Pdfurhfrqrplf Lpsolfdwlrqv ri
Prghov zlwk Krxvhkrog Surgxfwlrq/* pdqxvfulsw/ Xqlyhuvlw| ri Shqqv|oydqld1
Vdujhqw/ Wkrpdv M1/ 4<:</ Pdfurhfrqrplf wkhru|/ Dfdghplf Suhvv1
Vkhd/ Mrkq/ 4<<6/ cGr Vxsso| Fxuyhv Vorsh XsB*/ Txduwhuo| Mrxuqdo ri Hfrqrplfv/ yro1 43;/ Iheuxdu|/
ss1 40651
Vkloohu/ Urehuw/ 4<;4/ cGr vwrfn sulfhv pryh wrr pxfk wr eh mxvwlhg e| vxevhtxhqw fkdqjhv lq glyl0
ghqgvB* Dphulfdq Hfrqrplf Uhylhz/ yro1 :4/ ss1 754~7691
Vlpv/ Fkulvwrskhu D1/ 4<;3/ cLqwhuqdwlrqdo Hylghqfh rq Prqhwdu| Idfwruv lq Pdfurhfrqrplf Ioxfwx0
dwlrqv/* Fhqwhu iru Hfrqrplf Uhvhdufk Glvfxvvlrq Sdshu qr1 ;3046:/ Ghsduwphqw ri Hfrqrplfv/
Xqlyhuvlw| ri Plqqhvrwd/ Vhswhpehu1
Vlpv/ Fkulvwrskhu D1/ 4<<:/ Frpphqwv rq cV|vwhpdwlf Prqhwdu| Srolf| dqg wkh Hhfwv ri Rlo Sulfh
Vkrfnv*/ e| Ehq V1 Ehuqdqnh/ Pdun Jhuwohu dqg Pdun Zdwvrq%/ Eurrnlqjv Sdshuv rq Hfrqrplf
Dfwlylw|/ sdjhv 476 0 47;1
Vxqgduhvdq/ Vxuhvk P1/ 4<;</ cLqwhuwhpsrudoo| ghshqghqw suhihuhqfhv dqg wkh yrodwlolw| ri frqvxps0
wlrq dqg zhdowk/* Uhylhz ri Ilqdqfldo Vwxglhv/ yro1 5/ ss1 :6~;<1
Wrelq dqg Eudlqdug +4<::/ s1576,
66Zdwvrq/ Pdun Z1/ 4<<6/ cPhdvxuhv ri Ilw iru Fdoleudwhg Prghov/* Mrxuqdo ri Srolwlfdo Hfrqrp|/ 434+9,/
Ghfhpehu/ sdjhv 43440741
Zlogdvlq/ Gdylg H1/ 4<;7/ cWkh t Wkhru| ri Lqyhvwphqw zlwk Pdq| Fdslwdo Jrrgv/* Dphulfdq Hfr0
qrplf Uhylhz/ yro1 :7/ qr1 4/ Pdufk/ ss1 5360431
67Whfkqlfdo Dsshqgl{ wr=
Vwrfn Pdunhw dqg Lqyhvwphqw Jrrg Sulfhv= Lpsolfdwlrqv iru Pdfurhfrqrplfv
e|
O1M1 Fkulvwldqr dqg M1G1P1 Ilvkhu
Mxo|/ 4<<;
Wkh htxdwlrq qxpehuv lq wklv grfxphqw uhihu wr wkh htxdwlrq qxpehuv lq wkh Fkulvwldqr dqg Ilvkhu
sdshu1 Uhihuhqfhv pd| eh irxqg wkhuh dv zhoo1
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Khuh/ +c|/ | @ {>f>l dqg 
+c|/ | @ f>l duh Odjudqjh pxowlsolhuv1 Wkh sodqqhu lv dvvxphg wr fkrrvh
KSc| dqg K￿c| sulru wr wkh uhdol}dwlrq ri wkh gdwh w vwdwh ri qdwxuh/ zkloh wkh uhpdlqlqj fkrlfh yduldeohv
+lqfoxglqj wkh pxowlsolhuv, duh vhohfwhg diwhuzdug1
Wr vroyh wkh sodqqhu sureohp zh uvw kdyh wr wudqvirup lw lqwr lwv vwdwlrqdu| irup1 Wkh yduldeohv
lq wkh wudqviruphg sureohp duh f|>n Sc|n￿>n ￿c|n￿>{ |n￿>l Sc|>l ￿c|> Sc|> ￿c|> %c|>$ Sc| dqg $￿c|1W k h v hd u h
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zkhuh \Sc| @ Nk
Sc|+h{s+|,KSc|,￿3k dqg \￿c| @ Y|Nk
￿c|+h{s+|,K￿c|,￿3k1
Wkh uvw rughu frqglwlrqv iru dq lqwhulru vroxwlrq wr wkh vwdwlrqdu| yhuvlrq ri wkh sodqqhu sureohp
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 |Sc| @ 3 +D19,
lSc| . l￿c|  |￿c| @ 3 +D1:,
Lq wkhvh h{suhvvlrqv 
| ghqrwhv wkh lqirupdwlrq vhw wkdw lqfoxghv uhdol}dwlrqv ri wkh whfkqrorj| vkrfnv
xs wr dqg lqfoxglqj wlph w> dqg 
W
| ghqrwhv wkh lqirupdwlrq vhw lghqwlfdo wr 
| h { f h s ww k d ww k hw l p h
5w uhdol}dwlrqv ri wkh whfkqrorj| vkrfnv duh h{foxghg1 Dovr/ T%
￿c|>m@4 >5 ghqrwh sduwldo ghulydwlyhv ri
T%
| zlwk uhvshfw wr lwv uvw dqg vhfrqg dujxphqwv/ uhvshfwlyho|/ hydoxdwhg dw wkh wlph w ydoxhv ri wkh
dujxphqwv/ iru { @ f>l1 Ilqdoo|/ a | @ |@+4  ,d q g |n￿ @a |@1
Pdnlqj xvh ri wkh uhvrxufh frqvwudlqwv lpsolflw lq wkh irupxodwlrq ri wkh sodqqhu sureohp/ zh fdq
froodsvh wkh prgho wr wkh iroorzlqj vhyhq htxdwlrqv
H ^y￿+nSc|>n Sc|n￿>n Sc|n2>n ￿c|>n ￿c|n￿>n ￿c|n2>{ |>{ |n￿>{ |n2>K Sc|>K Sc|n￿>K ￿c|>K ￿c|n￿>
%c|> %c|n￿> ￿c|> ￿c|n￿> |> |n￿> |> |n￿,m
|`@3 >m @4 >5>6>9>:>
H ^y￿+nSc|>n Sc|n￿>n Sc|n2>n ￿c|>n ￿c|n￿>n ￿c|n2>{ |>{ |n￿>{ |n2>K Sc|>K Sc|n￿>K ￿c|>K ￿c|n￿>
%c|> %c|n￿> ￿c|> ￿c|n￿> |> |n￿> |> |n￿,m
W
|`@3 >m @7 >8=
Khuh y￿ +,>m@4 >5>6>9>: duh htxdwlrqv +D14,/ +D15,/ +D16,/ +D19,/ dqg +D1:, uhvshfwlyho|/ dqg
y￿ +,>m@7 >8 duh htxdwlrqv +D17, dqg +D18,/ uhvshfwlyho|1 Wkhvh htxdwlrqv zhuh vroyhg xvlqj wkh
phwkrgv ghvfulehg lq Fkulvwldqr +4<<;,1
Zh fdq xvh wkh pxowlsolhuv iurp d vroxwlrq wr wkh sodqqhu sureohp wr frpsxwh wkh uhodwlyh sulfhv
























































Qrwlfh wkdw hdfk ri wkhvh sulfhv zloo wuhqg grzqzdug li Y| kdv d srvlwlyh wuhqg1 Wr xvh wkhvh irupxodv
zh uhtxluh h{suhvvlrqv iru Sc|>$ Sc| dqg $￿c|1 Wkhvh fdq eh frpsxwhg iurp wkh uvw rughu frqglwlrqv
iurp wkh sodqqhu sureohp1 Wkh h{suhvvlrqv ghulyhg lq wklv zd| duh jlyhq e|
Sc| @
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Iroorzlqj lv d ghvfulswlrq ri wkh krxvhkrog dqg up sureohpv1
E141 Krxvhkrogv
Wkh uhsuhvhqwdwlyh krxvhkrog*v exgjhw frqvwudlqw lv=
F| . VS
| . V￿
| . E| +E14,









iru w @3 >4>===1 Khuh/ V%
| ghqrwhv gdwh w sxufkdvhv ri htxlw| lq lqgxvwu| {> iru { @ f>l> dqg E| ghqrwhv
sxufkdvhv ri ulvn0iuhh ghew1 Wkh udwh ri uhwxuq rq htxlw| sxufkdvhg lq shulrg w/+ 4.ue
%c|n￿,> ghshqgv
xsrq wkh shulrg w.4v w d w hr iq d w x u h > zkloh wkh udwh ri uhwxuq rq ghew/ +4.u
s
| ,> ghshqgv rq wkh gdwh w
vwdwh ri qdwxuh1 Dovr/ z%
| ghqrwhv wkh zdjh udwh lq lqgxvwu| {> zklfk lv d ixqfwlrq ri wkh gdwh w vwdwh
ri qdwxuh1
Dw wkh ehjlqqlqj ri gdwh w> wkh krxvhkrog nqrzv VS
|3￿>V￿
|3￿>E |3￿>[ | dqg doo gdwh dqg vwdwh frq0
wlqjhqw sulfhv dqg udwhv ri uhwxuq khqfhiruwk1 Lq wkh olplwhg oderu prelolw| yhuvlrq ri wkh prgho/
krxvhkrogv pxvw fkrrvh KSc| dqg K￿c| sulru wr wkh uhdol}dwlrq ri wkh fxuuhqw vwdwh ri qdwxuh1 Lw pdnhv
lwv uhpdlqlqj ghflvlrqv/ F|>VS
|>V￿
|>E |> diwhu wkh gdwh w uhdol}dwlrq ri xqfhuwdlqw|1 Wkh krxvhkrog*v remhf0
wlyh lv wr pd{lpl}h +614, vxemhfw wr +615,/ +E14, dqg wkh frqglwlrq wkdw wkh ixwxuh fkrlfh yduldeohv vdwlvi|
wkh vdph lqirupdwlrq frqvwudlqwv1 Wkh krxvhkrog*v lqwudwhpsrudo uvw rughu qhfhvvdu| frqglwlrqv iru
oderu duh
H|3￿z%
| Sc| @ > { @ f>l= +E15,










7dqg Sc| lv wkh ghulydwlyh ri +614, zlwk uhvshfw wr F|> zkhq H|3￿ lv uhsodfhg e| H|=
Wr nhhs iurp foxwwhulqj wkh qrwdwlrq/ zh gr qrw h{solflwo| lqfoxgh frpshwlwlyh pdunhwv iru vwdwh
frqwlqjhqw/ rqh shulrg0dkhdg frqvxpswlrq jrrgv1 Li zh glg lqfoxgh vxfk pdunhwv/ wkhq sSc|n￿ zrxog eh
wkh pdunhw sulfh/ ghqrplqdwhg lq whupv ri gdwh w frqvxpswlrq xqlwv/ ri d vwdwh0frqwlqjhqw xqlw ri gdwh
w . 4 frqvxpswlrq/ vfdohg e| wkh frqglwlrqdo suredelolw| ri wkdw vwdwh ri qdwxuh1￿
E151 Ilupv
Zh vxssrvh wkhuh duh irxu uhsuhvhqwdwlyh/ frpshwlwlyh upv surgxflqj hdfk ri wkh irxu w|shv ri shulrg w
jrrg= frqvxpswlrq jrrgv/ lqyhvwphqw jrrgv/ dqg N%c|n￿ iru { @ f>l= W k h v h u p vl q w h u d f wd q r q | p r x v o |
lq pdunhwv iru lqyhvwphqw jrrgv/ suhylrxvo| lqvwdoohg fdslwdo/ qhz fdslwdo/ htxlw| dqg oderu1 Ehiruh
glvfxvvlqj wkh lqglylgxdo up sureohpv/ zh olvw wkh sulfhv dqg udwhv ri uhwxuq lq wkhvh pdunhwv1 Ilupv
wdnh wkhvh dv jlyhq dqg eh|rqg wkhlu frqwuro1
 S&%c|  shulrg w sulfh ri suhylrxvo| lqvwdoohg/ ehjlqqlqj ri shulrg w fdslwdo/
 S￿c|  shulrg w sulfh ri shulrg w lqyhvwphqw jrrgv/
 S&￿
%c|  shulrg w sulfh ri ehjlqqlqj ri shulrg w . 4 lqvwdoohg fdslwdo/ N%c|n￿>
 4.ue
%c|  shulrg w sd|r rq rqh xqlw ri htxlw| dftxluhg lq shulrg w  4/
 4.u
s
|  shulrg w . 4 sd|r rq rqh xqlw ri ghew dftxluhg lq shulrg w>
 sSc|n￿  shulrg w sulfh ri d vwdwh frqwlqjhqw shulrg w . 4 frqvxpswlrq jrrg/ vfdohg e| wkh
frqglwlrqdo suredelolw| ri wkdw vwdwh ri qdwxuh/
 z%
|n￿  shulrg w zdjh udwh/
iru vhfwruv { @ f>l= Wkh sulfh ri lqyhvwphqw jrrgv kdv qr vxevfulsw/ {= Wklv lv ehfdxvh wkh olqhdu udwh
ri wudqvirupdwlrq ehwzhhq LSc|n￿ dqg L￿c|n￿ lpsolflw lq +617, jxdudqwhhv wkdw/ lq htxloleulxp/ wkh sulfhv
ri qhz lqyhvwphqw jrrgv iru wkh frqvxpswlrq dqg lqyhvwphqw jrrgv vhfwruv duh htxdol}hg1 Wkh idfw
wkdw wkh udwh ri uhwxuq rq ghew dovr kdv qr vxevfulsw/ {> uhhfwv lwv qrq0vwdwh frqwlqjhqw qdwxuh1
Fdslwdo Surgxflqj Ilupv
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8Ilupv wkdw surgxfh fdslwdo rshudwh wkh cdgmxvwphqw frvw* whfkqrorj|/ +619,0+61:,1 Wkh| sxufkdvh
N%c| dqg L| dw sulfhv S%c| dqg S￿c| dqg vhoo N%c|n￿ dw wkh sulfh S&￿
%c| iru { @ f>l= Wkhlu uvw rughu
frqglwlrqv duh jlyhq e| wkh twkhru| uhodwlrq/ +6143,1 Frpshwlwlrq dqg olqhdu krprjhqhlw| ri wkhlu
surgxfwlrq ixqfwlrqv jxdudqwhh wkdw lq htxloleulxp wkhlu surwv pxvw eh }hur1
Frqvxpswlrq dqg Lqyhvwphqw Jrrg Surgxflqj Ilupv
Rxu vshflfdwlrq wkdw lw wdnhv rqh shulrg wr exlog fdslwdo ehiruh lw ehfrphv surgxfwlyh jhqhudwhv
d qdqflqj uhtxluhphqw1 Zh dvvxph wkdw wklv qdqflqj uhtxluhphqw idoov hqwluho| rq wkh upv wkdw
surgxfh frqvxpswlrq dqg lqyhvwphqw jrrgv1 Zkdwhyhu sk|vlfdo fdslwdo vxfk d up xvhv wr rshudwh wkh
surgxfwlrq whfkqrorj| lq shulrg w . 4 pxvw eh dftxluhg iurp wkh surgxfhuv ri qhz fdslwdo e| wkh hqg
ri shulrg w= Wr qdqfh wkh sxufkdvh ri wklv fdslwdo/ wkh up lvvxhv ghew dqg htxlw| lq shulrg w1W k h u h
duh vhsdudwh htxlw| pdunhwv iru wkh wzr w|shv ri upv/ dqg wkh wzr w|shv ri htxlw| frppdqg glhuhqw/
frpshwlwlyho| ghwhuplqhg/ vwdwh0frqwlqjhqw udwhv ri uhwxuq1 Vlqfh wkh frpshwlwlyh udwh ri uhwxuq rq
ghew lv nqrzq dw wkh wlph lw lv wudghg/ lq htxloleulxp wkhuh fdq eh rqo| rqh udwh ri uhwxuq iru wkdw
qdqfldo lqvwuxphqw1 Zkhq shulrg w . 4 rffxuv/ wkh frqvxpswlrq dqg lqyhvwphqw jrrg up revhuyhv
wkh vwdwh ri qdwxuh dqg/ khqfh/ wkh suhydlolqj zdjh udwh1 Lw wkhq hqwhuv frpshwlwlyh oderu pdunhwv wr
kluh wkdw dprxqw ri oderu zklfk pd{lpl}hv fdvk rz lq wkdw vwdwh ri qdwxuh1 Oderu grhv qrw jlyh ulvh
wr d qhhg iru qdqfh ehfdxvh lw lv dvvxphg wr eh sdlg rxw ri fxuuhqw uhfhlswv iurp surgxfwlrq1 Wkh
up*v fdvk rz lv wkh ydoxh ri lwv surgxfwlrq/ soxv wkh ydoxh ri lwv xqghsuhfldwhg vwrfn ri fdslwdo/ qhw ri
h{shqvhv1 Wkh up*v remhfwlyh dw gdwh w lv wr pd{lpl}h wkh gdwh w ydoxh ri fdvk rz dw w .4 > vxpphg
dfurvv doo srvvleoh vwdwhv ri qdwxuh1
Lq rxu ghfhqwudol}dwlrq/ dgmxvwphqw frvwv iru lqvwdoolqj surgxfwlyh fdslwdo duh h{whuqdo wr wkh frq0
vxpswlrq dqg lqyhvwphqw jrrg upv1 Wklv dvvxpswlrq zdv pdgh iru frqyhqlhqfh rqo|/ lq dq hruw wr
pdnh suhflvh wkh qrwlrq wkdw S&￿
% lv wkh pdujlqdo ydoxh ri qhz fdslwdo1 Rxu uhvxowv zrxog eh wkh vdph
li zh kdg lqvwhdg frqvrolgdwhg wkh fdslwdo surgxflqj upv dqg wkh jrrgv surgxflqj upv zlwklq hdfk
lqgxvwu|1 Lq wkdw fdvh/ S&￿
% zrxog kdyh ehhq d vkdgrz frvw1 Shukdsv wklv odwwhu w|sh ri ghfhqwudol}dwlrq
pdwfkhv xs ehwwhu zlwk wkh zd| dfwxdo pdunhwv duh rujdql}hg1
Zh qrz ghvfuleh wkh sureohp ri wkh up lq lqgxvwu| {= Lwv qdqflqj frqvwudlqw lv=
S&￿
%c|N%c|n￿  V%c| . E%c|> +E18,
dqg lwv shulrg w . 4 fdvk rz frqvwudlqw lv
%
|n￿ @ \%c|n￿ .+ 4 ,N%c|n￿S&%c|n￿  z%
|n￿K%c|n￿  +4 . ue
%c|n￿,V%
|  +4 . u
s
| ,E|  3= +E19,
9Khuh/ \%c|n￿ lv wkh up*v jurvv rxwsxw/ jlyhq e| +615, ru +617,/ phdvxuhg lq gdwh w . 4 frqvxpswlrq
xqlwv12 Dovr/ zh dvvxph wkdw li N%c|n￿ lv wkh dprxqw ri fdslwdo xvhg e| wkh up gxulqj shulrg w.4/ wkhq
+4  ,N%c|n￿ uhpdlqv dw wkh hqg ri wkh shulrg/ zkhq lw lv pdgh dydlodeoh iru vdoh1 Wkh qrqqhjdwlylw|
frqvwudlqw lq +E19, lv hvvhqwldoo| d _qr eorrg iurp vwrqh% frqvwudlqw1 Lw vd|v upv fdqqrw sd| rxw zkdw
wkh| gr qrw kdyh1
Wkh up*v surw ixqfwlrq lv wkh ydoxh ri %
|n￿ ghqrplqdwhg lq xqlwv ri wkh gdwh w frqvxpswlrq jrrg/
vxpphg dfurvv doo srvvleoh gdwd w.4 vwdwhv ri qdwxuh= H|sSc|n￿%
|n￿= Lwv remhfwlyh lv wr vhohfw ydoxhv iru











zkhuh pso%c|n￿ ghqrwhv wkh pdujlqdo surgxfw ri oderu/ ghqrwhg lq shulrg w.4 frqvxpswlrq xqlwv1 Wkh
up*v uvw rughu frqglwlrqv iru N&%c|n￿>V %c|> dqg E%c| duh=







Khuh/ psn%c|n￿ ghqrwhv wkh pdujlqdo surgxfw ri fdslwdo/ ghqrwhg lq shulrg w . 4 frqvxpswlrq xqlwv/
dqg  lv wkh pxowlsolhu rq wkh qdqflqj frqvwudlqw/ +E18,1 Lq htxloleulxp/  @ 4 e| +E16,1
E161 Jhqhudo Htxloleulxp
Zh dgrsw wkh xvxdo vhtxhqfh0ri0pdunhwv htxloleulxp frqfhsw1 Pdunhw fohdulqj lpsolhv wkdw/ lq htxlole0
ulxp/ wkh shulrg w ghpdqg iru suhylrxvo| lqvwdoohg lqgxvwu| { fdslwdo/ ghqrwhg deryh e| }> htxdov wkh
vxsso|/ +4  ,N%c|= Vlploduo|/ wkh ghpdqg iru shulrg w q h zl q y h v w p h q wj r r g ve |l q g x v w u |{> ghqrwhg










:e| |> lv L%c|=
E171 Sulfhv dqg Udwhv ri Uhwxuq
Lq wklv vhfwlrq zh ghulyh dqg lqwhusuhw dq h{suhvvlrq iru wkh htxloleulxp udwh ri uhwxuq rq htxlw|1
Lq dgglwlrq/ zh surylgh d ixuwkhu glvfxvvlrq ri S&￿1 Wkh pdlq wkuxvw ri rxu dqdo|vlv h{sorlwv wkh
idfw wkdw wklv sulfh vdwlvhv wkh twkhru| uhodwlrqvkls vxppdul}hg lq wkh uvw htxdolw| lq +6143,1 Wr
ehwwhu xqghuvwdqg S&￿> krzhyhu/ lw lv xvhixo wr nqrz wkdw lw pxvw dovr vdwlvi| wzr rwkhu uhodwlrqvklsv
lq htxloleulxp= S&￿ pxvw eh wkh suhvhqw glvfrxqwhg ydoxh ri wkh h{wud rxwsxw jhqhudwhg e| d pdujlqdo
lqfuhdvh lq surgxfwlyh fdslwdo/ dqg lw pxvw eh wkh suhvhqw glvfrxqwhg ydoxh ri glylghqgv1 Zh ghulyh
wkhvh lpsolfdwlrqv lq wklv vxevhfwlrq1 Wkh idfw wkdw S&￿ vdwlvhv wkh odwwhu phdqv wkdw lw lv qdwxudo wr
uhihu wr lw dv wkh csulfh ri d vkduh ri htxlw|*1 Khuh/ zh lpsolflwo| dgrsw wkh qrupdol}dwlrq wkdw d vkduh
ri htxlw| lv d xqlw ri wkh xqghuo|lqj fdslwdo qdqfhg e| wkh htxlw|1
Zh qrz wxuq wr wkh udwh ri uhwxuq rq htxlw|1 Qrwh wkdw olqhdu krprjhqhlw| ri surw ixqfwlrqv
jxdudqwhhv wkdw/ lq htxloleulxp/ pd{lpl}hg surwv +E1:, duh }hur1 Wkh fdvk rz frqvwudlqw/ +E19,/ wkhq
jxdudqwhhv %
|n￿ @ 3 lq hdfk gdwh dqg vwdwh ri qdwxuh1 Xvlqj wklv/ olqhdu krprjhqhlw| lq surgxfwlrq/












psn%c|n￿ .+ 4 ,S&%c|n￿
S&￿
%c|








| g h q r w h vw k h u p * vg h e ww rh t x l w |u d w l r 1D vl vz h o on q r z q /%
| lv qrw ghwhuplqhg lq
htxloleulxp/ hyhq wkrxjk wkh htxloleulxp txdqwlw| doorfdwlrqv lq wkh prgho duh xqltxh dqg frlqflgh








diwhu pdnlqj xvh ri wkh upv* uvw rughu frqglwlrqv dqg rxu uhvwulfwlrqv rq wkh ghew wr htxlw| udwlr1
Wkh udwh ri uhwxuq irupxod lq +E145, kdv wkh iroorzlqj lqwhusuhwdwlrq1 Vxssrvh vrphrqh sxufkdvhv
d xqlw ri htxlw|/ zklfk qdqfhv wkh dftxlvlwlrq ri 4@S&￿
%c| xqlwv ri h{wud wlph w . 4 surgxfwlyh fdslwdo1
Fruuhvsrqglqj wr wklv sxufkdvh ri htxlw|/ %
| xqlwv ri ulvn iuhh ghew duh lvvxhg wrr1 Wkxv rqh fdq
lpdjlqh wkdw hdfk kroghu ri d xqlw ri htxlw| lv csdluhg* xs zlwk d kroghu ri %
| xqlwv ri ulvn0iuhh ghew1
Wkh xqghuo|lqj surgxfwlyh fdslwdo fruuhvsrqglqj wr d xqlw ri htxlw| jhqhudwhv lqfrph htxdo wr wkh whup
lq vtxduh eudfnhwv lq +E145,1 Wklv lqfrph lv qrw qhfhvvdulo| wkh sd|r dfwxdoo| uhfhlyhg e| wkh htxlw|
;kroghu/ krzhyhu1 Iru h{dpsoh/ wkh rzqhu ri d xqlw ri htxlw| uhfhlyhv pruh wkdq wklv li wkh vwdwh qrq0
frqwlqjhqw sd|phqw surplvhg wr wkh ghew kroghu zlwk zklfk kh2vkh lv sdluhg/ %
| +4.u
s
| ,/ lv ohvv wkdq wkh
lqfrph jhqhudwhg e| wkh dvvhwv wklv ghew kroghu qdqfhv/ qdpho|/ %
| +psn%c|n￿ .+ 4 ,S&%c|n￿,@S&￿
%c|1
Hylghqwo|/ lq kljk lqfrph vwdwhv/ wkhuh lv d wudqvihu iurp wkh ghew wr wkh htxlw| kroghu dqg lq orz
lqfrph vwdwhv/ wkh wudqvihu jrhv lq wkh rwkhu gluhfwlrq1 Lq wklv zd|/ rxu prgho duwlfxodwhv wkh zhoo0
nqrzq revhuydwlrq wkdw/ lq hhfw/ htxlw| kroghuv surylgh lqvxudqfh wr ghew kroghuv1
Zh qrz xvh +E16, dqg +E145, wr h{suhvv wkh sulfh ri htxlw| dv d ixqfwlrq ri ixwxuh lqfrph1 Pxowlso|
+E145, e| S&￿
%c|sSc|n￿> dsso| wkh frqglwlrqdo h{shfwdwlrq rshudwru/ dqg pdnh xvh ri +E16, wr rewdlq=
S&￿










%c| @ H|sSc|n￿^psn%c|n￿ .+ 4 ,S&%c|n￿` +E147,
@ H|sSc|n￿
k





zkhuh wkh vhfrqg htxdolw| lq +E147, pdnhv xvh ri +6143,1 Iurp wkh uvw htxdolw| lq +E147, zh vhh
wkdw wkh h{shfwhg wudqvihu sd|phqw ehwzhhq ghew dqg htxlw| kroghuv lv }hur/ zkhq wkh wudqvihuv duh
zhljkwhg dfurvv vwdwhv ri qdwxuh e| sSc|n￿= E| lwhudwlqj iruzdug rq wklv h{suhvvlrq dqg lpsrvlqj d
whuplqdo frqglwlrq/ zh rewdlq +6144,1
Lw lv frqyhqlhqw wr uhodwh +6144, wr wkh suhvhqw glvfrxqwhg ydoxh ri glylghqgv uhodwlrqvkls wkdw
dsshduv lq wkh olwhudwxuh rq wkh vwrfn pdunhw +vhh/ iru h{dpsoh/ Vkloohu +4<;4, dqg wkh sdshuv flwhg










|n￿ ghqrwhv cglylghqg* sd|phqwv=
G%
|n￿ @ psn%c|n￿ 
k














Khuh/ wkh twkhru| uhodwlrq/ +6143, kdv ehhq xvhg wr uhsodfh S&%c|n￿ e| T%
￿c|n￿S&￿
%c|n￿= Wklv glylghqg
whup lv d phdvxuh ri lqfrph wr htxlw| kroghuv/ shu xqlw ri wkh xqghuo|lqj fdslwdo qdqfhg e| htxlw|1 Lw lv
<wkh vxp ri wkh gluhfw hduqlqjv/ psn%c|n￿> iurp d xqlw ri fdslwdo/ plqxv ghsuhfldwlrq h{shqvhv +lqfoxvlyh
ri lqvwdoodwlrq frvwv,/ soxv dq| wudqvihu +srvlwlyh ru qhjdwlyh, iurp ghew kroghuv gxh wr ohyhudjh1
Wkuhh revhuydwlrqv duh zruwk pdnlqj derxw S&￿
%c|= Iluvw/ lw lv wulyldo wr yhuli| wkdw d yhuvlrq ri +6144,
lq zklfk psn%c|n￿ lv uhsodfhg e| G%
|n￿ dqg wkh remhfw lq vtxduh eudfnhwv lv uhsodfhg e| xqlw| krogv
wrr1 Wklv yhuvlrq ri +6144, frlqflghv zlwk wkh frqyhqwlrqdo ghqlwlrq ri wkh sulfh ri d vkduh ri htxlw|1
Lpsolflwo|/ wkh olwhudwxuh dgrswv wkh frqyhqwlrq wkdw d vkduh ri htxlw| fruuhvsrqgv wr d xqlw ri wkh
xqghuo|lqj fdslwdo qdqfhg e| wkh htxlw|1 Vhfrqg/ zkhq lw lv revhuyhg wkdw S&￿
%c| lv dovr wkh suhvhqw
glvfrxqwhg ydoxh ri glylghqgv/ lw pd| vhhp vxusulvlqj wkdw %
| lv devhqw iurp +6144,/ lq ylhz ri wkh
wudqvihu sd|phqwv sdvvlqj ehwzhhq kroghuv ri htxlw| dqg ghew1 Wklv uhhfwv vlpso| wkdw wkhvh wudqvihuv














| dovr grhv qrw hqwhu +6144, lqgluhfwo|/ yld sS ru psn% +uhfdoo wkh suhylrxv revhuydwlrqv
derxw wkh lqyduldqfh ri txdqwlwlhv wr %
| ,> lw iroorzv wkdw S&￿
%c| lv lqyduldqw wr %
| = Wklv lpsolhv wkdw
wkh ydoxh ri wkh hqwluh surgxfwlyh vwrfn ri fdslwdo lq wkh hfrqrp| lv lqyduldqw wr S
| dqg ￿
|= Wkxv/ rxu
hqylurqphqw lv frqvlvwhqw zlwk wkh fhoheudwhg Prgljoldql0Ploohu wkhruhp ri frusrudwh qdqfh/ dffruglqj
wr zklfk wkh ydoxh ri wkh up lv lqghshqghqw ri lwv ghew wr htxlw| vwuxfwxuh1
Ilqdoo|/ lw lv xvhixo wr kdyh wkh vwdqgdug fryduldqfh irupxod h{suhvvlrq iru wkh htxlw| suhplxp1 Wr
rewdlq wklv/ qrwh wkdw +E16, lpsolhv H|sSc|n￿H|+4 . ue
|n￿,@4 Fry|+sSc|n￿>4.ue




















| = Dq lpsolfdwlrq ri wklv irupxod lv wkdw wkh Vkdush udwlr/ wkh udwlr ri wkh htxlw| suhplxp
wr lwv vwdqgdug ghyldwlrq/ lv lqyduldqw wr ohyhudjh1
43